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ABSTRACT 
Anthony Michael Carestia: Reagent-Dictated Site Selective Hydrocarbon Functionalization 
Using Nitrogen-Centered Radicals  
(Under the direction of Erik J. Alexanian) 
 
Chapter 1. Aliphatic C-H Functionalization 
 An overview of aliphatic radical C-H functionalization is presented with an emphasis on 
the challenge of site selectivity. Methods covered range from simple, unselective free radical 
halogenation to highly regioselective biomimetic oxidation. Primary selective functionalizations 
using electrophilic metal catalysts are also discussed. 
 
Chapter 2. Reagent-Dictated Site-Selective C-H Chlorination  
 The development of a site-selective C-H chlorination is discussed. Primary site selectivity 
is achieved using highly hindered N-chloroamide reagent used. A computational study of the 
generated amidyl radical structure and the transition state of the selectivity-determining hydrogen-
atom abstraction were completed. The work in this chapter was done in collaboration with Davide 
Ravelli and is published at Chem. Sci., 2018, 9, 5360-5365. 
 
Chapter 3. Primary Selective C-H Functionalization of Polyolefins  
 A complementary method of polyolefin xanthylation was developed. The regioselectivity 
of the reaction favors 1° functionalization over 2° functionalization, in stark contrast to the method 
previously developed by our group. Altering regioselectivity was shown to affect thermal 
iv 
properties in functionalized polyolefins. The work in this chapter was done in collaboration with 
Jill Williamson.    
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CHAPTER 1 – Aliphatic C-H Functionalization 
1.1 Introduction 
C-H bonds are present in virtually every organic compound in nature. While this bond is 
inherently inert, developing a method to directly convert a C-H bond to a carbon-heteroatom bond 
would be an extremely valuable tool in synthesis. Direct C-H functionalization methods are 
desirable because it allows for the avoidance of prefunctionalized starting materials which are 
more expensive and less readily-available as the unfunctionalized counterpart. It is especially ideal 
for late-stage functionalization of complex targets because it expedites the derivatization of the 
target, allowing for the generation of libraries of derivatives. This streamlined synthetic approach 
bypasses many synthetic steps, which cuts costs and minimizes the generation of waste. 
C-H functionalization of aryl sp2 C-H bonds has been well-studied1–4 compared to aliphatic 
sp3 C-H functionalizations. The majority of sp3 C-H functionalizations use a directing group, while 
unactivated, undirected sp3 C-H functionalizations are relatively unexplored. This is due to the 
relative inertness of sp3 C-H bonds. The bond dissociation energies of simple alkanes only differ 
over a small range of 96-101 kcal/mol (see Figure 1.1), which makes selective functionalization 
of these compounds difficult without the added effects of intramolecular rate increase or electronic 
activation. 
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Figure 1.1 BDE of primary, secondary, and tertiary C-H bonds in a simple alkane. 
 
 
While site-selective C-H functionalization is a daunting task, it is not unprecedented, as a 
number of enzymes have been shown to react with unactivated C-H bonds with very high levels 
of selectivity. Inspired by biological precedent, recently there have been a number of reports 
studying the reactivity and selectivity of unactivated C-H bond functionalizations using small 
molecule reagents and catalysts. This introduction will encompass a variety of methods used to 
functionalize aliphatic sp3 C-H bonds, focusing on the site selectivity of these reactions. 
  
1.2 Halogen-centered Radical Reactivity 
1.2.1 Chlorine and Bromine Free Radical Reactivity 
 One of the simplest and earliest C-H functionalizations is free radical halogenation. Most 
commonly this reaction is achieved by use of molecular chlorine or bromine initiated by either 
heat or light or a combination of both to directly convert simple alkanes to alkyl halide products. 
While similar in their components, their reactivities are different. Free radical chlorinations of 
alkanes can be predicted by the following: (1) every possible monochloride product without 
skeletal rearrangements is formed; (2) tertiary hydrogens react more readily than secondary 
hydrogens, which react more readily than primary hydrogens in a statistical distribution; (3) the 
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ratio of 3°: 2°: 1° approaches 1: 1: 1 as temperature is increased; (4) reactivity ratios are unaffected 
by moisture, light, and carbon surfaces; (5) for a given temperature, vapor-phase reactions are 
more selective than liquid-phase reactions. The latter point is possibly due to the fact that the rate 
of abstraction is competitive with the rate of diffusion of the chlorine radical, and once it comes 
into contact with an abstractable C-H bond it is predisposed to react rather than to seek out a more 
reactive C-H bond.5,6 While chlorination by chlorine radical is predisposed to statistical 
distribution of products, selectivity change can be achieved by either changing the solvent, 
temperature, or abstracting species. The effects of various changes can be seen in Table 1.1.7 
 
Table 1.1 Regioselectivity of various free radical chlorination conditions. 
 
 
Chlorination using molecular chlorine (Table 1.1, Entry 1) or N-chlorosuccinimide (Table 
1.1, Entry 2) is thought to go through hydrogen-atom abstraction via chlorine radical, while 
chlorine monoxide (Table 1.1, Entry 3) chlorination is proposed to be a combination of chlorine 
radical and hypochlorite radical. Complexation of chlorine radical with benzene (Table 1.1, Entry 
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4) leads to a much higher selectivity for tertiary functionalization. The selectivity is the same as 
chlorosufonyl radical generated by the decomposition of sulfuryl chloride (Table 1.1, Entry 5), 
suggesting that the complexation of chlorine radical with benzene or sulfur dioxide leads to the 
same stabilization of the radical. Iodobenzene dichloride (Table 1.1, Entry 7) is photoinitated to 
the hypervalent iodine-center iodanyl radical which is highly selective compared to the other 
chlorination methods and will be discussed further later in this section. 
 
Figure 1.2 Reaction coordinate diagrams of free-radical chlorination and bromination with 
respective transition states. 
 
 
Bromination of alkanes is inherently more selective than chlorination, due to the transition 
state of the abstraction step (Figure 1.2). Hydrogen-atom abstraction by bromine radical is an 
endothermic process, and according to Hammond’s Postulate, corresponds to a later transition 
state, which will resemble the product more than the reactant, thus giving the stability of the 
resulting carbon-centered radical more influence on selectivity. On the other hand, hydrogen-atom 
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abstraction by chlorine radical is exothermic, leading to an earlier, more reactant-like transition 
state and thus radical stability is less significant for chlorination.  
 
Table 1.2 The effects of methyl and phenyl substitution on reaction rates of C-H bonds with 
bromine and chlorine radical 
 
 
 The effects of radical stability on relative reaction rates of both bromine and chlorine 
radical C-H abstraction are illustrated in Table 1.2. The rows illustrate the rate of activation of a 
hydrogen atom at the carbon center with increasing substitution. The columns illustrate the 
reactivity change when a methyl substituent is replaced with a phenyl substituent.  Going from 
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primary to secondary to tertiary, the relative reactivity for chlorine radical only slightly increases, 
while bromine radical increases by four orders of the magnitude. This highlights the bromine 
radical’s sensitivity towards stabilizing effects. As methyl groups are replaced with phenyl groups 
going down each column, relative reactivity of bromine radical increases by another several orders 
of magnitude initially, but as the number of phenyl substituents increase past one, a saturation 
effect is seen, and eventually a reversal in reactivity occurs. While steric effects and the inability 
of all the phenyl substituents to exist coplanar to the resultant radical in some cases do play a part 
in the reactivity saturation, an important component is due to polar effects caused by the phenyl 
ring deactivating the substrate towards hydrogen-atom abstracting. Even though the bond strength 
is being lowered, the electron density around the hydrogen-atom is much lower, making 
abstraction by an electrophilic bromine radical less favorable than for a more electron rich C-H 
bond.8 
 
1.2.2 Iodine-centered Radical Reactivity 
The reaction of free iodine radical with alkanes does not occur because of the unfavorable 
energetics of the hydrogen-atom abstraction and the facile reduction of alkyl iodides with HI.8 
However, iodanyl radicals have been shown to undergo C-H abstraction.9 Table 1.1 that iodanyl 
radicals showed very high selectivity for weaker tertiary C-H bonds (entry 7). Ronald Breslow was 
able to take advantage of this highly selective reagent, and developed a method for the biomimetic 
chlorination of steroid substrates (see Figure 1.3). It is considered biomimetic because of the 
regioselectivity of the reaction, only reacting at a single tertiary C-H even though multiple tertiary 
C-H bonds are present in the molecule. He was able to observe high regioselective control by 
tethering the hypervalent-iodine reagent to the steroid, limiting the number of C-H bonds the 
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generated iodanyl radical could be in contact with via geometric constraints. The regioselectivity 
of reaction could be altered by varying the substitutional position of the tethered aryl iodide.10 
 
Figure 1.3 Directed biomimetic chlorination via tethered hypervalent iodine reagent. 
 
 
 Hypervalent iodine reagents were used in a number of other tertiary selective 
functionalizations. Hartwig and coworkers were able to develop a C-H azidation using an iron 
catalyst and a hypervalent iodine azide reagent. The reaction was selective for benzylic and tertiary 
C-H bonds, but unreactive with unactivated secondary C-H bonds, only giving a 5% yield with 
cyclohexane.11,12 Expanding upon this work, Chen and coworkers were able to use the same 
hypervalent-iodine azide reagent, but with a ruthenium photocatalyst instead to achieve a similar 
azidation reaction. With the addition of LiCl or Bu4NBr as an additive, chlorination and 
bromination were also be achieved (see Figure 1.4).13  
 
Figure 1.4 C-H azidation, chlorination, and bromination using hypervalent iodine reagent. 
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In 2013, the Maruoka group investigated using a hypervalent-iodine reagent to develop a 
secondary selective C-H oxidation. While most iodanyl radical selectivity favors weaker tertiary 
C-H bonds, the Maruoka group was able to tune the electronics of their hypervalent-iodine reagents 
by appending an electron-withdrawing triflate group. They were able to provide evidence of an 
iodanyl radical abstracting species by comparing different substitution on the phosphinyloxy 
leaving groups and aryl rings in multiple experiments as seen in Figure 1.5. They only observed a 
significant change in selectivity when the aryl ring was substituted with di-ortho-phenyl groups, 
thus suggesting the iodanyl radical was intimately involved in the C-H abstraction.14 
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Figure 1.5. Secondary selective C-H oxidation with hypervalent-iodine as abstracting agent. 
 
 
 
1.3 Nitrogen-centered Radical Reactivity 
Another type of manifold used in C-H functionalization is the use of nitrogen-centered 
radicals. Nitrogen-centered radicals have been used in C-H halogenation in the form of N-
haloamines and N-haloamides for over a century. The oldest example is the Hofmann-Löffler-
Freytag (HLF) reaction where an aminium cation radical is generated from protonated N-
haloamine and undergoes an intramolecular 1, 5- hydrogen-atom abstraction to form a carbon-
centered radical. The carbon-centered radical abstracts a halogen atom propagating the chain 
reaction forward.15 An intermolecular HLF-type reaction was developed in late 1960’s by Minisci 
and coworkers, using an N-halo- dimethylamine reagent, sulfuric acid, and reducing iron sulfate 
salt to generate the dimethylaminium radical. This system was highly electronically selective in 
the reaction of the straight chain ester methyl pentanoate.16 The reaction was 80% selective for the 
most electron rich secondary position, the omega minus one position for both the bromination 
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(Table 1.3, Entry 1) and chlorination (Table 1.3, Entry 2) reactions, suggesting the common 
aminium radical as the abstracting species.17 Reactions involving the aminium radical were much 
more selective than the free radical reactions of both chlorine and bromine (Table 1.3, Entries 3-
4).18 
 
Table 1.3 Methyl pentanoate selectivity comparing aminium radical and free radical.  
 
 
Around the same time, Deno and coworkers investigated steric effects on aminium radical 
selectivity. They surveyed a number of disubstitued N-chloroamines varying in steric size. They 
found that the larger the groups the less tertiary selective and more secondary selective the reaction 
became. In the case of highly hindered di-tert butyl (Table 1.4 Entry 3)  and tert-butyl tert-amyl 
(Table 1.4 Entry 4), the secondary C-H bonds in 2-methylbutane were six times more reactive than 
the tertiary C-H bonds, and even primary chlorination was slightly favored over tertiary.19 Greene 
furthered this work by using N-chloroamides instead of N-chloroamines avoiding the use of strong 
acid. Notably, when 2,2-dimethylbutane was the substrate, primary selectivity was observed using 
N-tert-butyl acetamide (Table 1.4, Entry 5).20 
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Table 1.4 Reaction rates of simple alkanes with various N-chloro reagents. 
 
 
More recently, the Alexanian lab has developed a number of transformations harnessing 
nitrogen-centered radicals in synthetically useful transformations. The first C-H functionalization 
they disclosed was a secondary selective bromination reaction of unactivated sp3 C-H bonds.21 The 
reaction had high electronic selectivity, similar to Minisci’s chemistry, favoring the secondary 
carbon adjacent to the terminal poisiton (ω-1) position in a variety of straight-chain compounds 
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with pendant electron-withdrawing groups. It was also sterically selective, preferentially reacting 
at secondary C-H bonds over tertiary C-H bonds. A few select substrates are shown in Figure 1.6. 
They also disclosed a chlorination variant of the reaction using the same amide reagent core, which 
showed very similar selectivity to the bromination chemistry (see Figure 1.7). Most importantly, 
these reactions used the alkane substrates as the limiting reagent, making the transformations much 
more synthetically relevant than previous site-selective C-H halogenations.16–20 In collaboration 
with the Vanderwal group, the bioactive compound (+)-chlorolissoclimide was synthesized in 9 
steps using the selective chlorination of sclareolide (see Figure 1.8).22 This methodology was also 
showcased by Stoltz in the study of late-stage functionalizations of the natural product core of 
Cyanthiwigin.23 
Figure 1.6 C-H bromination using N-bromoamide reagent. 
 
Figure 1.7 C-H chlorination using N-chloroamide reagent. 
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Figure 1.8. Synthesis of (+)-chlorolissoclimide using N-chloroamide reagent. 
 
 
The same amide core was also used for a site-selective C-H xanthylation (see Figure 1.9). 
Similar electronic and steric selectivity was observed, but additionally substrates with activated C-
H bonds alpha to heteroatoms were also functionalized. The xanthate products formed were 
elaborated to a number of different functional groups including vinyl, allyl, hydroxyl, deutero, and 
alkyl groups.24 
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Figure 1.9 C-H xanthylation using N-xanthylamide reagent. 
 
 
The latest innovation in the nitrogen-centered radical C-H functionalization is the ability 
to generate the nitrogen-centered radical directly from the parent N-H compound. This 
advancement avoids the need to pre-functionalize the reagent and makes the reactions simpler to 
use. Both the Knowles and Rovis groups independently developed a method for intramolecular C-
H alkylation using photoredox catalysis and an external alkene trap.25–27Although both reaction 
conditions are similar, their mechanisms are slightly different. Knowles’ system undergoes a 
proton coupled electron transfer (PCET) mechanism, while the Rovis system involoves a stepwise 
deprotonation and single electron oxidation. For PCET to occur a base is needed to hydrogen bond 
to the N-H bond of the reacting amide, which lowers the effective BDE allowing for facile 
homolytic cleavage via a photocatalyst oxidation. A phosphate base and iridium photocatalyst 
were used to generate the amidyl radical this way, which undergoes a 1, 5- hydrogen-atom 
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abstraction. The generated carbon-centered radical adds into the alkene trap which turns over the 
catalyst via a SET step followed by protonation to furnish alkylated product. Rovis’ mechanism is 
very similar, the only differing step is that the deprotonation and SET happen sequentially instead 
of in a concerted fashion. 
 
Figure 1.10 Intramolecular C-H alkylation using amidyl radicals generated via PCET. 
 
 
1.4 Metal-oxo Radical Reactivity  
The most selective C-H functionalizations come from nature in the form of enzymatic 
catalysis, the most well-known being enzymes from the cytochrome P450 family. A majority of 
these enzymes have an iron-heme active site surrounded by a hydrophobic pocket suitable for 
substrate binding. Not only are these P450 enzymes notable for highly selective C-H 
hydroxylations, but they also catalyze epoxidation, sulfur-oxidation, dehydrogenation, 
deamination, demethylation, and oxidative C-C bond cleavage reactions.28 Recently a number of 
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groups have used protein engineering to modify different P450 enzymes to target different C-H 
bonds in complex molecular cores such as terpenoids, alkaloids, and steroids.29–31 
In recent years, there has been a rapid growth of research in the field of biomimetic C-H 
functionalization using enzyme-like metal catalysts. Much of this work is geared towards trying 
to mimic enzymatic selectivity by tuning the electronic and steric nature of the abstracting species 
to select for a distinct C-H bond. The Groves group were the first to use iron-based porphyrin 
catalysts to accomplish C-H hydroxylation.32 Later they developed chlorination, bromination and 
fluorination reactions using a manganese-based porphyrin catalyst.33,34 In this system, methylene 
selectivity was induced by a modification to the ligand structure around the porphyrin catalyst. 
Pendant phenyl substituents were exchanged for bulkier mesityl substituents. This change in steric 
demand of the catalyst saw an induction of methylene selectivity in the chlorination of trans-
decalin from 1:1 to 4:1 favoring the least hindered chloride product (see Figure 1.11).33  
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Figure 1.11 C-H chlorination of trans-decalin via different manganese porphyrin catalysts. 
 
 
The first example of a selective 3° C-H oxidation using a non-heme iron-oxo catalyst was 
reported by the White group. Tertiary C-H bonds were selectively oxidized due to their electron-
rich nature and decreased bond strength.35 White was able to alter the site-selectivity to favor less 
hindered 2° C-H bonds by modifying the ligand of the iron catalyst. Changing the hydrogen in the 
5-position on the pyridine ligand to a phenyl ring with CF3 substituents in both ortho-positions, 
changed selectivity favoring less hindered secondary C-H bonds over more reactive tertiary C-H 
bonds. This selectivity change is evident in the oxidation of artemisinin as shown in Figure 1.12. 
Reaction of the unsubstituted catalyst gave a ratio of 2:1 favoring the tertiary oxidation, while the 
catalyst with the bulkier bis-ortho-CF3 phenyl substitution resulted in a switch in selectivity, 
favoring oxidation of the less hindered secondary position in an 11:1 ratio.36 
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Figure 1.12 C-H oxidation of artemisinin via different non-heme iron catalysts. 
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Figure 1.13 C-H oxidation of trans-androsterone acetate via different non-heme iron 
catalysts. 
 
 
Costas and coworkers were able to use similar non-heme iron catalysts to change selectivity 
of differently substituted cyclic substrates based on chirality of the catalyst used. In the oxidation 
of trans-androsterone acetate, shown in Figure 1.13, oxidation was seen at positions C6, C7, C12, 
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and C14. The major product was ketone C6 when using the (R,R’)-[Fe(OTf)2(TIPSPDP)] and (R,R’)-
[Fe(OTf)2(
TIPSMCP)] catalysts with a selectivity of 82% and 72% respectively,  but when (S,S’)-
[Fe(OTf)2(
TIPSPDP)] and (S,S’)-[Fe(OTf)2(TIPSMCP)]  catalysts were used, ketone C12 was favored 
at 69% and 88% respectively.37 This is the first example of oxidation preferentially occurring at 
C12 without the use of a directing group. 
In addition to tuning the electronics and sterics of a catalyst or reagent to mimic enzymatic 
selectivity, there has also been some work to react C-H bonds based on geometric constraints. 
These constraints can be used to selectively orient the reactive abstracting species to be in 
proximity of the desired C-H bond. Some of the earliest work in this regard was accomplished by 
Breslow. A metalloporphyrin catalyst was substituted with cyclodextrin binding sites, which 
encapsulate the side-chains of a steroid derivative, placing the active site of the catalyst in contact 
with the C-H bond that would be hydroxylated selectively.38 More recently, Costas attained 
selectivity at the C8 and C9 positions of long alkyl chain amine using a crown-ether substituted 
manganese catalyst. The protonated ammonium binds to the crown ether portion of the catalyst, 
positioning the hydrogens at C8 and C9 next to the reactive manganese center. This high level of 
selectivity is shown in Figure 1.14, where decylamine is oxidized at C8 and C9 in an 81% 
selectivity.39 
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Figure 1.14 C-H oxidation using ammonium-crown ether coordination. 
 
 
1.5 Primary Selective C-H Functionalizations Using Electrophilic Metal Catalysis 
Many methods have been developed to selectively functionalize 3° or 2° C-H bonds, but 
not many methods exist that are selective for 1° C-H bonds. Selective 1° C-H bond 
functionalization is challenging and has not been achieved using a radical intermediate due to the 
increased BDE of 1° C-H bonds and the lack of stabilization of the generated carbon-centered 
radical. While 1° C-H bond functionalization has been achieved using electrophilic metal 
activation, the scope is very limited.  
Shilov was the first to discover metal complexes could activate C-H bonds. He observed 
H/D exchange when simple alkanes were exposed to a platinum complex in deuterated acid. 
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Notably, a preference for primary H/D exchange was observed.40,41 This system was extended to 
the C-H chlorination of simple alkanes using a platinum (II) catalyst that slightly favored primary 
functionalization. However, stoichiometric platinum (IV) was needed to turn the catalyst over, 
undermining the synthetic utility of the reaction.42 
More recently, Sanford and coworkers disclosed the primary selective C-H oxidation of 
alkyl amines using a platinum (II) catalyst and copper (II) oxidant in high yield and selectivity. An 
example is shown in Figure 1.15. Sanford took advantage of ammonium ion formation of the 
substrates, which allowed them to be water-soluble, deactivated proximal C-H bonds towards 
hydrogen-atom abstraction, and prevented the nitrogen from coordinating and deactivating the 
platinum catalyst.43 
 
Figure 1.15 Primary selective C-H oxidation using a platinum catalyst and copper oxidant. 
 
 
Currently, the most selective 1° C-H functionalization is Hartwig’s C-H borylation 
chemistry. Using a rhodium (I) catalyst, this reaction exclusively reacts with primary C-H bonds 
even in the presence of weaker tertiary and alpha to heteroatom C-H bonds.44 The reaction is highly 
efficient having 144 turnovers in the conversion of n-octane to n-octyl Bpin (see Figure 1.16).45 
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Figure 1.16 Primary selective C-H borylation using a rhodium catalyst. 
 
 
1.6 Summary and Outlook 
The field of C-H functionalization has made massive progress, advancing from 
unselective free radical chlorination to enzymatic levels of selectivity using metal-oxo catalysts. 
However, there are still underdeveloped areas that can be further explored. One major hurdle is 
the reliance on substrates to dictate the selectivity of reactions. Bietti has studied a number 
factors leading to inherent activation and deactivation of different types of substrates including 
activations caused by strain release and deactivation due torsional strain.46,47 While a majority of 
site-selective C-H functionalizations utilize these factors to obtain regioselectivity, there has 
been a lack of reagents or catalysts developed to dictate site-selectivity of the reaction overriding 
the inherent bias imparted by substrates. Additionally, methods to functionalize 1° C-H bonds 
without the use of directing groups or electrophilic metals are almost non-existent, compared to 
the functionalization of weaker 3° and 2° C-H bonds, which have dominated the chemical 
landscape.   
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CHAPTER 2. Reagent-Dictated Site-Selective C-H Chlorination 
2.1 Introduction 
Recent advances in intermolecular aliphatic C–H functionalization have provided unique 
tools for the synthesis and late-stage derivatization of complex molecules.48–50 However, because 
many substrates contain a number of different C-H bonds, the site selectivity of these reactions is 
a critical consideration in their application to both synthesis and late-stage functionalization. The 
inherent reactivity of the substrate C–H bonds often dictates the site selectivity of a given 
functionalization.46,51 Among the factors influencing the relative reactivity of C–H bonds are steric 
accessibility, electron richness, and participation in hyperconjugation. Solely relying on substrate-
dictated selectivity limits the scope of intermolecular C–H functionalizations. This is due to the 
degeneracies of the C-H bonds contained in the substrates, many of these C-H bonds have similar 
reactivies, which can lead to poor discrimination between reaction sites. Moreover, 
functionalizations at less inherently reactive C–H bonds are impossible without additional 
elements of control. 
Reagents or catalysts that override inherent substrate-dictated site selectivity hold 
significant promise in expanding the capabilities of intermolecular C–H functionalization. 
Noteworthy advances in this area have been achieved via the use of modified ligand architectures 
in catalytic C–H functionalizations proceeding via high-valent metal oxo or metal carbenoid 
intermediates.14,36,52–54 Protein engineering has also led to enzymatic aliphatic C–H 
functionalizations with altered regioselectivities.29,31,55 For a more in-depth overview on advances 
made in C-H functionalization, see Chapter 1. 
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2.2 Reaction Development 
We have previously developed practical systems for aliphatic C–H functionalization using 
readily accessed N-halo- and N-xanthylamides.21,22,24 In those studies, moderate site selectivities 
were achieved primarily through substrate control. We anticipated that the highly modular nature 
of our reagents would offer unique opportunities in introducing reagent-dictated site selectivity.  
We began our investigation with the functionalization of trans-decalin, a benchmark 
substrate used in studies of intermolecular, aliphatic C–H functionalizations.33,34,37,56–58 The 
difficulty of achieving steric discrimination between the methylene sites is evident upon surveying 
the site selectivities of several previously reported functionalizations (Table 2.1, entries 1–4). For 
example, iron-catalyzed oxidations of trans-decalin with bulky tetradentate ligands poorly 
discriminated between these sites (entries 1 and 2).37 Manganese-catalyzed C–H chlorination using 
a hindered tetramesitylporphyrin (TMP) system achieved good selectivity (4.0:1), although tertiary 
functionalization was also observed (entry 3).33 The C–H chlorination using our reported N-
chloroamide 3 proceeded with no selectivity between the methylene sites (entry 4).22 
We hypothesized that we could observe improved site selectivities by increasing the steric 
demand of the N-chloroamide. We evaluated a set of N-chloroamides containing ortho 
trifluoromethyl substitution of the benzamide. Reagents 4 and 5 containing a single ortho 
substituent increased the selectivity for the less hindered, distal methylene site, although the ratio 
of 1:2 remained close to 2.0:1 (entries 5 and 6). We next sought to prepare the highly hindered 2,6-
bistrifluoromethyl reagent 6. Reagent 6 is a bench-stable white crystalline solid able to be obtained 
on scale (>10 grams) via addition of the aryl Grignard to tBu isocyanate.59 The C–H chlorination 
of trans-decalin with 6 proceeded with higher site selectivity than the other N-chloroamides or 
metal-catalyzed systems, with a 6.5:1 ratio of products (entry 7). Further investigating the steric 
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influence of the nitrogen substituents, we saw that increasing substitution from tBu to tAmyl or 
dimethylphenyl for the mono ortho substituted amide to make reagents 7 and 8, saw virtually no 
increase in site selectivity compared to its tBu counterpart 4 (entries 8 and 9). However, when the 
nitrogen substituent is changed to iPr on the more hindered 2,6-bistrifluoromethyl benzamide core, 
a slight drop in selectivity to 4.7:1 (entry 10) is observed. Performing the reaction with reagent 6 
with 1 equiv. of substrate the products were provided in a 7.2:1 ratio in 76% combined yield (entry 
8). To the best of our knowledge, this is the most site-selective secondary C–H functionalization 
of trans-decalin known using substrate as limiting reagent.60,61 
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Table 2.1 Site selectivity of trans-decalin functionalization comparing catalytic systems and 
N-chloroamides. a,b 
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2.3 Substrate Scope 
We next evaluated the site selectivities of the C–H chlorination using reagent 6 across a 
range of substrates (see Figure 2.1). The C–H chlorination of these substrates with N-chloroamide 
6 also proceeded with unique site selectivities, and notably includes radical functionalizations 
selective for primary sites. Site selectivities with our first-generation reagent 3 are shown for direct 
comparison. For example, the chlorination of 3-methylpentane (10) with reagent 3 showed a 
preference for the 2-position (64%) over the 1-position (27%). However, reagent 6 provided a 
remarkable reagent-dictated switch in site selectivity, favoring the 1-chloro isomer (69%, 69% 
combined yield). Free radical species demonstrating such selectivity for the strongest, primary C–
H bond over secondary or tertiary C–H bonds in synthetic alkane functionalizations are unknown 
to the best of our knowledge.19,20 
Our efforts continued with the C–H chlorination of diverse compounds. The chlorination 
of 2,2-dimethylpentane (11) and 2,2-dimethylbutane (12) demonstrate that fully substituted carbon 
centers enable steric discrimination between C–H sites, with 89% primary C–H selectivity in the 
reaction of substrate 12 with N-chloroamide 6. There was an increase in the level of primary 
functionalization of n-hexane (13) with reagent 6, however the 2-position remained the preferred 
site of functionalization. 
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Figure 2.1 C-H chlorination of diverse substrates comparing reagents 3 and 6.a 
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The presence of electron-withdrawing functionality disfavors reaction at proximal 
methylene sites and increased the site selectivity for the primary positions to 88% and 89% for 
substrates 14 and 15, respectively. The functionalization of 2-phenylbutyl benzoate (16) 
remarkably demonstrated a high selectivity for the primary position (89%) even in the presence of 
a benzylic C–H site. The fully substituted carbon centers in acetal 17 and ester 18 lead to a clear 
reagent-dictated change in selectivity between reagents 3 and 6; the primary C–H chlorination 
product is favored with up to 75% selectivity with ester substrate 18. 
Phthalimide-protected amines undergo intermolecular C–H functionalizations using 
amidyl radicals with high levels of electronically-dictated site selectivities.21,22,24 We surveyed 
several substrates containing this electron-withdrawing group. With the lack of major steric 
discrimination between the C–H sites, the functionalization of substrate 19 with reagent 6 only 
increased the level of primary functionalization to a modest 33%. In the case of substrate 20 
containing chain branching, a higher level of primary functionalization was observed (45%). The 
shorter aliphatic chain in the norleucine derivative 21 electronically disfavored methylene 
functionalization, and the use of hindered N-chloroamide 6 resulted in good primary selectivity 
(80%). 
The reagent-dictated site selectivity provided by N-chloroamide 6 is also evident in 
reactions with cyclic substrates 22– 24. Each of these structures contain eight methylene and six 
methyl C-H bonds for substrates 22 and three methyl C–H bonds for substrate 23 and 24. In all 
cases C–H chlorination with N-chloroamide 3 was highly methylene selective. This is evident 
when comparing the rates of functionalization of both secondary (ks) and primary (kp) C-H bonds. 
These rates are corrected for the number of C-H bonds present in the substrate. The ks/kp of 
substrates 22, 23, and 24 are 18, 3.0, and 7.1 respectively. Switching to reagent 6 for the 
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chlorination of these substrates significantly increased the levels of primary functionalization. The 
kp/ks of substrate 22 with reagent 6 was 0.57, which is a 10-fold increase in 1° functionalization 
compared to the reaction of 22 with 3 (ks/kp= 18.0). Reactions of substrates 23 and 24 with reagent 
6 both favored 1° functionalization over 2° functionalization having kp/ks of 1.4 and 2.0 
respectively. 
We next sought to capitalize on the unique selectivity profile of reagent 6 in the aliphatic 
C–H functionalization of complex natural products (Figure 2.2). The late-stage functionalization 
of the antimalarial artemisinin has been targeted in several studies.30,35,36,58,62,63 Most commonly, 
the reactive site is the methine of the methyl-bearing carbon in the cyclohexyl ring. Recently, 
groundbreaking studies from the White group (catalyst-dictated selectivity)36 and the Fasan group 
(enzyme-dictated selectivity)30,63 have achieved transformations capable of overcoming this 
reactivity profile. 
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Figure 2.2 Reagent dictated C-H chlorination of complex natural products.a 
 
 
We questioned whether the use of reagent 6 would enable C–H functionalization of the 
methyl group of the cyclohexyl ring. To date, only enzymatic catalysts have successfully 
hydroxylated this methyl site.30,63 In the event, chlorination with N-chloroamide 6 provided the 
desired product with moderate site selectivity (1.9:1) in 59% combined yield (Figure 2.2). The C–
H chlorinations of cedryl acetate and tetrahydrolinalool benzoate also demonstrated the ability of 
reagent 6 to target primary C–H sites. Switching from reagent 3 to reagent 6 brings about a 
significant increase in methyl functionalization, most notably with 89% primary selectivity in the 
functionalization of 27. 
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2.4 Functionalization Scope 
In prior work, we have developed protocols for C–H bromination and xanthylation using 
functionalized amides.21,24 As these transformations are likewise synthetically valuable,64,65 we 
sought to demonstrate that the reagent-dictated selectivity herein was transferrable to those 
reactions. We prepared the N-bromo and N-xanthylamides 28 and 31 to address this question. 
 
Figure 2.3 C-H bromination of trans-decalin and 3-methylpentane with reagent 28. 
 
 
The C–H bromination of trans-decalin and 3-methylpentane 10 was achieved using N-
bromoamide 28 shown in Figure 2.3. Reactions of 28 with trans-decalin furnished the secondary 
bromination products in a 49% yield and 13:1 selectivity favoring the carbon distal to the tertiary 
center. We attribute the higher selectivity compared to the chlorination (7.2:1) to a potential 
decomposition of the minor regioisomer. When the bromination is conducted with 5 equivalents 
of trans-decalin the site selectivity is closer to the chlorination at (9.1:1). Functionalization of 3-
methylpentane 10 gave the primary bromination product with 73% selectivity. The tertiary 
bromide was made in 22% selectivity and is thought to be due to background bromine radical 
reactivity. 
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Figure 2.4 C-H xanthylation of trans-decalin and 3-methylpentane with reagent 31. 
 
 
The C-H xanthylation of trans-decalin and 3-methylpentane 10 with reagent 31 is shown 
in Figure 2.4. The reaction selectivities and efficiencies are similar to that of the C-H chlorination 
using reagent 6, thus showing that the tuning of the amidyl radical is responsible for dictating the 
site selectivity of these C-H functionalizations. 
 
2.5 Computational Analysis 
The X-Ray crystal structure of the N-chloroamide 6 provides some insight into the basis 
for increased site selectivity (see Figure 2.5). Non-bonded interactions between the ortho 
trifluoromethyl groups and the amide bond dictate a conformation where the aromatic plane and 
the amide are nearly orthogonal. This is clear from the C6C1C7O1 dihedral angle, which is 96.6°. 
The ortho substituents positioned above and below the plane of the amide are expected to shield 
the nitrogen atom and the resulting amidyl radical, leading to an increased selectivity for sterically 
less hindered C–H sites. This unique feature of reagent 6 is not present in N-chloroamides 3–5, 
which have more planar structures. 
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Figure 2.5 OLEX2 structure of N-chloroamide 6.  
 
In order to gain further insight regarding the observed site selectivities, we performed 
computational studies of the structures of the amidyl radicals involved, as well as the hydrogen 
atom abstractions of select substrates. The relevant transition states of the H-atom abstractions 
were optimized, and the associated energy changes were evaluated. A DFT approach was used, 
with the ωB97XD functional, standard 6-31G(d,p) basis set, and Gaussian16 software (see section 
2.7.7 for details). Optimizations were initially carried out in vacuo, then solvent effects were 
included through single-point calculations at the same level of theory with the SMD model and 
adopting the standard parameters for CH2Cl2 (a computationally convenient alternative to PhCF3,
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the solvent used in this work). 
The calculated structures of amidyl radicals 3’ and 6’ are shown in Figure 2.6, along with 
their spin density plots and some relevant parameters. Both species are essentially N-centered 
radicals; the nitrogen atoms have sp2-like hybridization, and the unpaired electron lies in a pure p 
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orbital perpendicular to the plane consisting of the substituents attached to the nitrogen atom. The 
presence of the tert-butyl group on the nitrogen atom is known to impart a twisted structure to 
amidyl radicals, decreasing the conjugative delocalization of the unpaired electron from N to 
O.67,68 This is also apparent in the case of amidyl radicals 3’ and 6’, where the OC7NC10 dihedral 
angles markedly deviate from zero. The environments around the radical centers are also 
significantly affected by the substitution patterns of the phenyl ring, and are markedly different for 
the two amidyl radicals. For example, the aromatic ring of 3’ is fully conjugated with the amide 
carbonyl, and they lie in nearly the same plane (only a 7° deviation is observed). On the other 
hand, the aromatic ring of 6’ is out of the carbonyl plane (54° dihedral angle) owing to the steric 
hindrance of the two ortho CF3 substituents. As a result, several hydrogen atoms of the tert-butyl 
group are within a <3 Å distance of the fluorine atoms in 6’, consistent with a highly congested 
chemical environment around the radical center. 
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Figure 2.6 Optimized structures of amidyl radicals 3’ and 6’ with spin density plots and 
relevant parameters. 
 
 
We next modeled the transition states (TS) of the H-atom abstractions by 3’ and 6’ 
involving select substrates, with the goal of identifying important factors that account for the 
observed site selectivities. We studied a diverse set of cyclic and acyclic substrates, including 
trans-decalin, 3-methylpentane (10) and 3-pentyl acetate–a model for the benzoate substrate 15. 
Representative TS for the abstractions are shown in Figure 2.7 for the reactive primary C–H bonds 
of 3-methylpentane (10) involving amidyl radicals 3’ (left) and 6’ (right). The reactive site is much 
more crowded in the case of 6’ (Figure 2.7, right), as highlighted by the yellow lines in the TS 
forming a smaller angle than in the case for 3’ (Figure 2.7, left). The primary C–H bond of 3-
methylpentane approaches amidyl radical 6’ through a relatively tight pocket. On the other hand, 
the substrate engages with the nearly flat conformation of 3’ from the top. It is worth noting that 
the two amidyl radicals retain the geometric parameters from Figure 2.6 in the TS, however during 
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the TS their electronic structure undergoes a dramatic change. For amidyl radicals 3’ and 6’, the 
lone pair on the nitrogen lines is in the C7NC10 plane and the radical resides perpendicular to that 
plane. However, during the TS an electronic reorganization occurs so that the lone pair of the 
nitrogen lies perpendicular to the plane C7NC10, so that it is delocalized over the π-system in the 
final amide structure. The opposite electronic reorganization can be postulated for the formation 
of radicals 3’ and 6’ from chloroamides 3 and 6, though we have not investigated this process 
computationally.    
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Figure 2.7 Optimized structures of the TS for the primary C-H abstraction of 3-
methylpentane by 3’ (left) and 6’ (right). 
 
 
 
The Gibbs free energy barriers (ΔG‡) and changes (ΔG) for the C–H abstractions evaluated 
are listed in Table 2.2. As expected, all C–H abstractions occur with an overall energy gain 
(negative ΔG values), regardless of the substrate, position, or amidyl radical considered. 
Comparisons of the energy barriers involved indicate different trends for the two reagents, 
however. In particular, the last column of Table 2.2 reports ΔΔG‡ values quantifying the energetic 
difference between the two amidyl radicals for reaction at a given C–H site. For example, amidyl 
radical 6’ is more reactive than 3’ in the abstraction at the methylene C–H site distal from the ring 
fusion of trans-decalin, as indicated by the negative ΔΔG‡ value (for the observed experimental 
results see Table 2.1). On the other hand, virtually no difference is observed at the proximal 
methylene site, with a small ΔΔG‡ of +0.35 kcal mol-1. 
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Table 2.2 Calculated parameters for hydrogen atom abstraction by amidyl radicals 3’ and 
6’ from selected substrates (Sub-H).a 
 
In the case of acyclic substrates, amidyl radical 6’ is consistently more reactive than 3’ at 
primary C–H sites, while little difference is observed at secondary positions. Notably, C–H 
abstraction at the reactive primary position of 3-methylpentane (10) shows the largest (in absolute 
terms) calculated ΔΔG‡ value (-4.80 kcal mol-1), which is consistent with experimental results; 
functionalization at this position involves the largest selectivity change upon switching from 3’ to 
6’ (27% to 69%, see Figure 2.1). Overall, our computational findings are in good agreement with 
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the experimental results, as reagent 6 consistently provided higher selectivities for the least 
hindered positions of substrates–either primary or distal—throughout our studies. 
 
2.6 Conclusion 
In conclusion, we have developed an approach to introduce reagent-dictated site selectivity 
to aliphatic C–H functionalizations using tuned nitrogen-centered radicals. The use of hindered N-
functionalized amides has led to C–H functionalization of diverse substrates that are among the 
most sites-selective intermolecular C–H transformations known. This strategy has also enabled the 
first radical-mediated aliphatic C–H functionalizations targeting primary C–H bonds across a wide 
range of simple and complex substrates. Computational studies revealed the different chemical 
environments of the reacting amidyl radicals, and established a direct correlation between the steric 
hindrance at the reacting site and the preference for functionalization of the least hindered substrate 
C–H bonds. Future studies will continue to develop unique reagents that offer increased levels of 
site selectivity in intermolecular C–H functionalization for applications in chemical synthesis. 
 
2.7 Experimental Details 
2.7.1 General Methods 
Proton and carbon magnetic resonance spectra (1H NMR and 13C NMR) were obtained 
using a Bruker model AVANCE III 400, 500, or 600 (1H NMR at 400 MHz, 500 MHz 600 MHz 
and 13C NMR at 126 MHz or 151 MHz) spectrometer with solvent resonance as internal reference 
(1H NMR: CDCl3 at 7.27 ppm, 
13C NMR: CDCl3 at 77.00 ppm). Recycle delay (d1) is consistent 
for each type of experiment run and is set to 2.00 seconds for all experiments with the exceptions 
of 1H NMR and 19F NMR which are set to 1.00 seconds and HMBC and HMQC which are set to 
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1.50 seconds. 1H NMR data is reported as follows: chemical shift, multiplicity (s = singlet, d = 
doublet, t = triplet, q = quartet, dd = doublet of doublets, ddd = doublet of doublet of doublets, td 
= triplet of doublets, tdd = triplet of doublet of doublets, qd = quartet of doublets, m = multiplet, 
br. s. = broad singlet), coupling constants (Hz), and integration. Mass spectra were obtained using 
either a Thermo LTqFT mass spectrometer with electrospray introduction and external calibration 
or an Agilent Gas Chromatograph-Mass Spectrometer with a 6850 series GC system and a 5973 
Network Mass Selective Detector. GC Spectra were obtained using a Shimadzu GC-2010 gas 
chromatograph with a Shimadzu AOC-20s Autosampler, and Shimadzu SHRXI-5MS GC column. 
Flash Chromatography was performed using SiliaFlash P60 silica gel (40-63μm) purchased from 
Silicycle. Four different GC methods are used. Method 1: Initial temperature of 30.0 °C, ramping 
at 2.0 °C/min until 75.0 °C, holding for 1.0 min, then ramping at 30.0 °C/min until 250.0 °C, and 
holding for 2.0 min. Method 2: Initial temperature of 55.0 °C, ramping at 2.0 °C/min until 95.0 
°C, then ramping at 30.0 °C/min until 250.0 °C, and holding for 2.0 min. Method 3: Initial 
temperature of 55.0 °C, ramping at 3.0 °C/min until 120.0 °C, then ramping at 30.0 °C/min until 
250.0 °C, and holding for 2.0 min. Method 4: Initial temperature of 55.0 °C, ramping at 15.0 
°C/min until 200.0 °C, then ramping at 3.0 °C/min until 250.0 °C, and holding for 2.0 min. Prep 
HPLC chromatography was done using a Perkin Elmer Flexar HPLC system equipped with Daicel 
IA and IC columns. Visualization was accomplished with short wave UV light (254 nm), aqueous 
basic potassium permanganate solution, or ethanolic acidic p-anisaldehyde solution followed by 
heating. Tetrahydrofuran (THF), diethyl ether (Et2O), dichloromethane (DCM), toluene, 
acetonitrile (MeCN), and dimethylformamide (DMF) were dried by passage through a column of 
neutral alumina under nitrogen prior to use. Trifluorotoluene and benzene were dried over 3Å 
molecular sieves and degassed with argon prior to use. Carbon tetrachloride was distilled prior to 
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use. All other reagents were obtained from commercial sources and used without further 
purification unless otherwise noted. 
2.7.2 Reagent Synthesis 
 
N-(tert-butyl)-3,5-bis(trifluoromethyl)benzamide (S1) was prepared according to a literature 
procedure, and spectral data were in accordance with the literature values.21  
 
N-(tert-butyl)-N-chloro-3,5-bis(trifluoromethyl)benzamide (3) was prepared according to a 
literature procedure, and spectral data were in accordance with the literature values.22  
 
N-(tert-butyl)-2(trifluoromethyl)benzamide (S3): To a flame dried 250 mL round bottom flask 
was charged with 2-(trifluoromethyl)benzoic acid (3.00 g, 15.8 mmol) and dissolved in 80.0 mL 
of DCM and few drops of DMF. The reaction cooled to 0 °C. Then oxalyl chloride (2.20 mL, 12.8 
mmol) was added slowly dropwise.  The reaction was allowed to warm to room temperature and 
stir overnight. The reaction was conventrated in vacuo to afford crude acid chloride product. The 
crude acid chloride was dissolved in 80.0 mL of DCM and cooled to 0 °C. Then tert-butylamine 
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(3.30 mL, 31.6 mmol) was added. The reaction was allowed to warm to room temperature and stir 
overnight. The reaction was washed with 10% sodium hydroxide solution, 1 M hydrochloric acid 
solution, and brine, dried with MgSO4, and concentrated in vacuo. The crude product was purified 
via column chromatography (10% ethyl acetate in hexanes) to give the product (4.10 g, 99% yield) 
as a white solid.   
1H NMR: (600MHz ,CDCl3) 7.68 - 7.65 (m, 1 H), 7.59 - 7.54 (m, 1 H), 7.54 - 7.47 (m, 2 H), 5.56 
(br. s., 1 H), 1.45 (d, J = 0.7 Hz, 9 H) 
13C NMR: (151MHz ,CDCl3) 167.0, 137.0 (q, J = 1.50 Hz), 132.0, 129.4, 128.6, 126.9, 126.1 (q, 
J = 4.53 Hz), 122.8, 52.2, 28.5 
19F NMR: (376MHz ,CDCl3) -58.622 
HRMS: calculated for [C12H14F3NO+H]
+ = 246.1100, found = 26.1099 
 
N-(tert-butyl)-N-chloro-2-(trifluoromethyl)benzamide (4): To a foil wrapped 1 L round bottom 
flask was charged with N-(tert-butyl)-2(trifluoromethyl)benzamide (2.00 g, 8.20 mmol) and tert-
butanol (5.20 mL, 54.4 mmol) and dissolved in 161 mL ethyl acetate. To a foil wrapped addition 
funnel was added sodium hypochlorite (94.0 mL, 141 mmol), water (56.0 mL, 3.10 mmol), and 
glacial acetic acid (37.0 mL, 648 mmol). The contents of the addition funnel were added slowly to 
the reaction over 1 hour. The reaction was allowed to stir for 4 hours. The reaction was diluted 
with DCM and quenched with bicarbonate solution. The organic layer was separated and washed 
with bicarbonate, dried with MgSO4, and concentrated in vacuo. The crude product was purified 
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via column chromatography (5% ethyl acetate in hexanes) to give the product (1.28 g, 57% yield) 
as a white solid. 
1H NMR: (600MHz ,CDCl3) 7.67 (d, J = 7.7 Hz, 1 H), 7.61 - 7.54 (m, 1 H), 7.52 - 7.46 (m, 1 H), 
7.38 (d, J = 7.7 Hz, 1 H), 1.60 (s, 9 H) 
13C NMR: (151MHz ,CDCl3) 171.6, 136.3 (q, J = 3.00 Hz), 131.7, 129.1, 127.0, 126.4 (q, J = 31.5 
Hz), 126.4 (t, J = 4.50 Hz), 123.6 (d, J = 273 Hz), 64.9, 28.2 
19F NMR: (376MHz ,CDCl3) -59.860 
HRMS: calculated for [C12H13ClF3NO+H]
+ = 280.0711, found = 280.0709 
 
N-(tert-butyl)-2,5-bis(trifluoromethyl)benzamide (S4): To a flame dried 100 mL round bottom 
flask was charged with magnesium turnings (0.310 g, 12.8 mmol) in the glovebox. To the reaction 
2.00 mL ether and a few drops of iodine in 1,2-dibromoethane was added to activate the 
magnesium. Then 2,5-bis(trifluoromethyl)bromobenzene (2.2 mL, 12.8 mmol) was dissolved in 
11.0 mL ether and added to the reaction.  The reaction was heated to 30 °C. The reaction was 
allowed to stir until all the magnesium was consumed. The reaction was cooled to 0 °C and 204 
mL of ether was added to the reaction. Then tert-butyl isocyanate (1.32 mL, 11.6 mmol) was 
added. The reaction was allowed to warm to room temperature and stir overnight. The reaction 
was quenched with ammonium chloride solution and extracted with ethyl acetate, dried with 
MgSO4, and concentrated in vacuo. The crude product was purified via column chromatography 
(10% ethyl acetate in hexanes) to give the product (0.730 g, 20% yield) as a white solid.   
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1H NMR: (600MHz ,CDCl3) 7.83 - 7.80 (m, 1 H), 7.79 - 7.76 (m, 2 H), 5.60 (br. s., 1 H), 1.47 (s, 
9 H) 
13C NMR: (151MHz ,CDCl3) 167.0, 137.0 (q, J = 1.50 Hz), 132.0, 129.4, 128.6, 126.9, 126.1 (q, 
J = 4.50 Hz), 122.8, 52.2, 28.5 
19F NMR: (376MHz ,CDCl3) -59.154, -63.288 
HRMS: calculated for [C13H13F6NO+H]
+ = 314.0974, found = 314.0973 
 
N-(tert-butyl)-N-chloro-2,5-bis(trifluoromethyl)benzamide (5): To a foil wrapped 500 mL 
round bottom flask was charged with N-(tert-butyl)-2,5-bis(trifluoromethyl)benzamide (600 mg, 
1.90 mmol) and tert-butanol (1.20 mL, 12.5 mmol) and dissolved in 38.0 mL ethyl acetate. To a 
foil wrapped addition funnel was added sodium hypochlorite (21.7 mL, 32.6 mmol), water (13.0 
mL, 0.720 mmol), and glacial acetic acid (8.60 mL, 151 mmol). The contents of the addition funnel 
were added slowly to the reaction over 1 hour. The reaction was allowed to stir for 5 hours. The 
reaction was diluted with DCM and quenched with bicarbonate solution. The organic layer was 
separated and washed with bicarbonate, dried with MgSO4, and concentrated in vacuo. The crude 
product was purified via column chromatography (5% ethyl acetate in hexanes) to give the product 
(0.520 g, 79% yield) as a white solid. 
1H NMR: (600MHz ,CDCl3) 7.84 - 7.79 (m, 1 H), 7.78 - 7.72 (m, 1 H), 7.63 (s, 1 H), 1.61 (s, 9 H) 
13C NMR: (151MHz ,CDCl3) 169.9, 137.2 (q, J = 3.00 Hz), 134.0 (q, J = 33.0 Hz), 129.6 (q, J = 
33.0 Hz), 127.4 (q, J = 4.50 Hz), 126.0 (q, J = 3.00 Hz), 124.3 (q, J = 3.00 Hz), 122.9 (qd, J  = 
1.81, 4.50 Hz), 65.4, 28.2 
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19F NMR: (376MHz ,CDCl3) -60.342, -63.229 
HRMS: calculated for [C13H12ClF6NO+H]
+ = 348.0584, found = 348.0584 
 
N-(tert-butyl)-2,6-bis(trifluoromethyl)benzamide (S5): To a flame dried 1 L round bottom flask 
was charged with magnesium turnings (1.66 g, 68.3 mmol) in the glovebox. To the reaction 20.0 
mL ether and a few drops of iodine in 1,2-dibromoethane was added to activate the magnesium. 
Then 2,6-bis(trifluoromethyl)bromobenzene (20.0 g, 68.3 mmol) was dissolved in 48.0 mL ether 
and added to the reaction.  The reaction was heated to 30 °C. The reaction was allowed to stir until 
all the magnesium was consumed. The reaction was cooled to 0 °C and 204 mL of ether was added 
to the reaction. Then tert-butyl isocyanate (7.10 mL, 62.1 mmol) was added. The reaction was 
allowed to warm to room temperature and stir overnight. The reaction was quenched with 
ammonium chloride solution and extracted with ethyl acetate, dried with MgSO4, and concentrated 
in vacuo. The crude product was purified via column chromatography (10% ethyl acetate in 
hexanes) to give the product (18.5 g, 95% yield) as a white solid.   
1H NMR: (600MHz ,CDCl3) 7.88 (d, J = 8.1 Hz, 2 H), 7.62 (t, J = 7.9 Hz, 1 H), 5.53 (br. s., 1 H), 
1.44 (s, 9 H) 
13C NMR: (151MHz ,CDCl3) 162.8, 135.0 (q, J = 1.50 Hz), 129.9 (q, J = 4.50 Hz), 129.3, 129.0 
(q, J = 33.0 Hz), 123.1 (q, J = 273 Hz), 52.7, 28.1 
19F NMR: (376MHz ,CDCl3) -58.658 
HRMS: calculated for [C13H13F6NO+H]
+ = 314.0974, found = 314.0973 
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N-(tert-butyl)-N-chloro-2,6-bis(trifluoromethyl)benzamide (6): To a foil wrapped 5 L round 
bottom flask was charged with N-(tert-butyl)-2,6-bis(trifluoromethyl)benzamide (15.0 g, 47.9 
mmol) and tert-butanol (30.0 mL, 311.5 mmol) and dissolved in 1.00 L ethyl acetate. To a foil 
wrapped addition funnel was added sodium hypochlorite (543 mL, 814 mmol), water (324 mL, 
18.0 mmol), and glacial acetic acid (216 mL, 3,780 mmol). The contents of the addition funnel 
were added slowly to the reaction over 2 hours. The reaction was allowed to stir for 8 hours. The 
reaction was diluted with DCM and quenched with bicarbonate solution. The organic layer was 
separated and washed with bicarbonate, dried with MgSO4, and concentrated in vacuo. The crude 
product was purified via column chromatography (5% ethyl acetate in hexanes) to give the product 
(14.4 g, 86% yield) as a white solid.   
1H NMR: (600MHz ,CDCl3) 7.89 (d, J = 8.1 Hz, 2 H), 7.63 (t, J = 8.1 Hz, 1 H), 1.60 (s, 9 H) 
13C NMR: (151MHz ,CDCl3) 167.0, 134.4 (q, J = 3.00 Hz), 130.1 (q, J = 4.50 Hz), 129.2, 127.7 
(q, J = 31.5 Hz), 123.1 (q, J = 273 Hz), 65.3, 65.5, 28.1 
19F NMR: (376MHz ,CDCl3) -59.708 
HRMS: calculated for [C13H12ClF6NO+H]
+ = 348.0584, found = 348.0583 
 
N-bromo-N-(tert-butyl)-2,6-bis(trifluoromethyl)benzamide (28): To a foil wrapped flame dried 
25 mL round bottom flask was charged with N-(tert-butyl)-2,6-bis(trifluoromethyl)benzamide 
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(200 mg, 0.640 mmol) and acetyl hypobromite solution in carbontetrachloride (4.00 mL, 0.960 
mmol) freshly prepared as described by us previously.21 The reaction was monitored by 1H NMR. 
The reaction was allowed to stir for 72 hours adding multiple additions of 4.00 mL aliquots of 
hypobromite solution after 18 hours, 42 hours, and 64 hours. The reaction was concentrated in 
vacuo. After concentrating, starting material was still observed by 1H NMR. The crude product 
was resubjected to the reaction conditions and stirred for 8 hours. Hypobromite solution was added 
in 4.00 mL aliquots initially, after 3 hours, and 5 hours. The reaction was concentrated in vacuo.  
The product (179 mg, 71% yield) was obtained as a yellow solid without further purification. 
 1H NMR: (600MHz ,CDCl3) 7.88 (d, J = 8.1 Hz, 2 H), 7.61 (t, J = 8.1 Hz, 1 H), 1.59 (s, 9 H) 
13C NMR: (151MHz ,CDCl3) 68.1, 135.6 (q, J = 3.00 Hz), 130.1 (q, J = 4.50 Hz), 129.1, 127.7 (q, 
J = 31.5 Hz), 123.1 (q, J = 273 Hz), 65.5, 29.0  
19F NMR: (376MHz ,CDCl3) -58.658, -59.575 
HRMS: calculated for [C13H12BrF6NO+H]
+ = 392.0079, found = 392.0079 
 
N-(tert-butyl)-N-((ethoxycarbonothioyl)thio)-2,6-bis(trifluoromethyl)benzamide (31): To a 
foil wrapped 1 L round bottom flask was charged with potassium ethyl xanthate (1.15 g, 7.20 
mmol) and dissolved in 250 mL MeCN. To the reaction a solution of chloroamide 6 (2.50 g, 7.20 
mmol) in 100 mL MeCN. The reaction was allowed to stir overnight. The reaction was 
concentrated in vacuo. The crude product was diluted with DCM/ water (1:1). The organic layer 
was separated and washed with brine and dried with MgSO4, and concentrated in vacuo. The crude 
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product was purified via column chromatography (2.5% ethyl acetate in hexanes) to give the 
product (0.970 g, 31% yield) as a yellow solid. 
1H NMR: (600MHz ,CDCl3) 7.87 (d, J = 7.7 Hz, 1 H), 7.80 (d, J = 8.1 Hz, 1 H), 7.61 (t, J = 7.9 
Hz, 1 H), 4.79 (qd, J = 7.2, 10.6 Hz, 1 H), 4.51 (qd, J = 7.2, 10.8 Hz, 1 H), 1.60 (s, 9 H), 1.53 (t, J 
= 7.2 Hz, 3 H) 
13C NMR: (151MHz ,CDCl3) 211.8, 168.7, 134.4 (q, J = 3.00 Hz), 131.0 (q, J = 4.50 Hz), 130.2 
(q, J = 4.50 Hz), 129.2, 127.0 (quint, J = 31.5 Hz), 123.2 (qd, J = 273, 33.0 Hz), 70.8, 64.4, 64.3, 
28.5, 13.5 
19F NMR: (376MHz ,CDCl3) -57.517, -59.063 
HRMS: calculated for [C16H17F6NO2S2+H]
+ = 434.0678, found = 434.0676 
2.7.3 Substrate Synthesis 
 
2-ethylbutyl benzoate (14): To a flame dried 500 mL round bottom flask was charged with 
DMAP (0.600 g, 4.90 mmol) and dissolved in 120 mL DCM was added 2-ethylbutanol (3.00 mL, 
24.4 mmol) and trimethylamine (5.10 mL, 36.6 mmol). The reaction was cooled to 0 °C. Benzoyl 
chloride (3.40 mL, 29.3 mmol) was then added dropwise. The reaction was allowed to warm to 
room temperature and stir overnight. The reaction was quenched with water and extracted with 
DCM, dried with MgSO4, and concentrated in vacuo. The crude product was purified via column 
chromatography (5% ethyl acetate in hexanes) to give the product (4.64 g, 92% yield) as a clear 
oil.   
1H NMR: (600MHz ,CDCl3) 8.10 - 7.99 (m, 2 H), 7.61 - 7.53 (m, 1 H), 7.49 - 7.39 (m, 2 H), 4.33 
(t, J = 6.4 Hz, 2 H), 3.44 (t, J = 6.8 Hz, 2 H), 2.00 - 1.89 (m, 2 H), 1.86 - 1.76 (m, 2 H), 1.67 - 1.57 
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(m, 2 H) 
13C NMR: (151MHz ,CDCl3) 166.6, 132.9, 130.3, 129.5, 128.3, 64.6, 33.5, 32.3, 27.9, 24.7 
HRMS: calculated for [C13H18O2+H]
+ = 207.1380, found = 207.1378 
 
3-pentyl benzoate (15): To a flame dried 500 mL round bottom flask was charged with DMAP 
(0.680 g, 5.50 mmol) and dissolved in 140 mL DCM was added 3-pentanol (3.00 mL, 27.7 mmol) 
and trimethylamine (5.80 mL, 41.6 mmol). The reaction was cooled to 0 °C. Benzoyl chloride 
(3.90 mL, 33.3 mmol) was then added dropwise. The reaction was allowed to warm to room 
temperature and stir overnight. The reaction was quenched with water and extracted with DCM, 
dried with MgSO4, and concentrated in vacuo. The crude product was purified via column 
chromatography (5% ethyl acetate in hexanes) to give the product (5.17 g, 97% yield) as a 
yellowish oil.   
1H NMR: (600MHz ,CDCl3) 8.12 - 7.98 (m, 2 H), 7.65 - 7.51 (m, 1 H), 7.51 - 7.41 (m, 2 H), 5.02 
(t, J = 6.2 Hz, 1 H), 1.83 - 1.63 (m, 4 H), 0.96 (s, 6 H) 
13C NMR: (151MHz ,CDCl3) 166.4, 132.7, 130.8, 129.5, 128.3, 77.3, 26.5, 9.7 
HRMS: calculated [C12H16O2+H]
+ = 193.1223, found = 193.1222 
 
2-phenylbutyl benzoate (16): To a flame dried 250 mL round bottom flask was charged with 
DMAP (0.330 g, 2.70 mmol) and dissolved in 67.0 mL DCM was added 2-phenylbutanol (2.10 
mL, 13.4 mmol) and trimethylamine (2.80 mL, 20.1 mmol). The reaction was cooled to 0 °C. 
Benzoyl chloride (1.90 mL, 16.1 mmol) was then added dropwise. The reaction was allowed to 
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warm to room temperature and stir overnight. The reaction was quenched with water and extracted 
with DCM, dried with MgSO4, and concentrated in vacuo. The crude product was purified via 
column chromatography (5% ethyl acetate in hexanes) to give the product (3.30 g, 97% yield) as 
a clear oil.   
1H NMR: (600MHz ,CDCl3) 8.01 (d, J = 8.4 Hz, 2 H), 7.59 - 7.53 (m, 1 H), 7.46 - 7.42 (m, 2 H), 
7.39 - 7.34 (m, 2 H), 7.32 - 7.25 (m, 3 H), 4.54 - 4.45 (m, 2 H), 3.06 - 2.98 (m, 1 H), 1.99 - 1.90 
(m, 1 H), 1.81 - 1.71 (m, 1 H), 0.92 (t, J = 7.3 Hz, 3 H) 
13C NMR: (151MHz ,CDCl3) 166.4, 141.8, 132.8, 130.2, 129.5, 128.4, 128.3, 127.9, 126.6, 68.7, 
46.8, 25.3, 11.8 
HRMS: calculated for [C17H18O2+H]
+ = 255.1380, found = 255.1377 
 
2,4,4,5,5-pentamethyl-2-propyl-1,3-dioxolane (17): To a flame dried 100 mL round bottom flask 
was charged with p-toluene sulfonic acid (89.0 mg, 0.470 mmol) and dissolved in 40.0 mL benzene 
was added trimethylorthoformate (12.0 mL, 113 mmol) and 2-pentanone (5.00 mL, 47.0 mmol). 
The reaction was heated to reflux and allowed to stir overnight. The reaction was cooled to room 
temperature, washed with bicarbonate solution, dried with MgSO4, and concentrated in vacuo. The 
crude product was then added to a flame dried 100 mL round bottom flask charged with p-toluene 
sulfonic acid (89.0 mg, 0.470 mmol) and pinacol (2.99 g, 28.2 mmol) dissolved in 40.0 mL 
chloroform. The reaction was heated to reflux and allowed to stir overnight. The reaction was then 
neutralized with bicarbonate solution, dried with MgSO4, and concentrated in vacuo. The crude 
product was purified via column chromatography (10% ethyl acetate in hexanes) to give the 
product (1.89 g, 36% yield) as a clear oil.   
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1H NMR: (600MHz ,CDCl3) 1.64 - 1.60 (m, 2 H), 1.45 - 1.39 (m, 1 H), 1.38 (s, 3 H), 1.25 (s, 6 
H), 1.23 (s, 6 H), 0.92 (t, J = 7.5 Hz, 3 H) 
13C NMR: (151MHz ,CDCl3) 107.6, 82.3, 45.4, 26.9, 24.8, 24.7, 18.4, 14.6 
HRMS: calculated for [C11H22O2+H]
+ = 187.1693, found = 187.1694 
 
tert-butyl-2,2-dimethyl pentanoate (18): To a flame dried 250 mL round bottom flask was 
charged with potassium tert-butoxide (5.90 g, 52.3 mmol) and dissolved in 175 mL ether was 
added methyl isobutyrate (5.00 mL, 436 mmol). The reaction was allowed to stir for 3 hours. The 
reaction was filtered through alumina and concentrated in vacuo. The crude product was taken on 
without further purification. A 250 mL round bottom flask was flamed dried and charged with 
diisopropylamine (2.68 mL, 19.1 mmol) and dissolved in 40.0 mL THF. The reaction was cooled 
to -78 °C. Then n-butyl lithium (7.95 mL, 19.1 mmol) added dropwise. The reaction was allowed 
to stir for 30 minutes. Iodopropane (1.77 mL, 18.2 mmol) and HMPA (3.17 mL, 18.2 mL) were 
added simultaneously and the reaction was allowed to warm to room temperature and stir 
overnight. The reaction was then neutralized with 1 M HCl solution. The aquoues layer was 
extracted with ether. The combined organic layers were washed with brine, dried with MgSO4, 
and concentrated in vacuo. The crude product was purified via column chromatography (20% ether 
in pentane) to give the product (1.49 g, 44% yield) as a yellowish oil.   
1H NMR:(600MHz ,CDCl3) 1.46 - 1.43 (m, 2 H), 1.42 (s, 9 H), 1.27 - 1.21 (m, 2 H), 1.10 (s, 6 H), 
0.88 (t, J = 7.2 Hz, 3 H) 
13C NMR: (151MHz ,CDCl3) 177.5, 79.5, 43.2, 42.7, 28.0, 25.2, 18.2, 14.7 
HRMS: calculated for [C11H22O2+H]
+ = 187.1693, found = 187.1692 
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N-n-pentyl phthalimide (19): was prepared according to a literature procedure, and spectral data 
were in accordance with the literature values.21 
 
N-(2-methyl pentyl) phthalimide (20): was prepared according to a literature procedure, and 
spectral data were in accordance with the literature values.22 
 
N-phthaloylnorvaline methyl ester (21): Prepared via a 2-step procedure. To a flame dried 100 
mL round bottom flask was charged with norvaline (1.00 g, 8.50 mmol), phthalic anhydride (1.90 
g, 12.8 mmol) and dissolved in 24 mL DMF was heated to reflux and stirred overnight. The 
reaction was allowed to cool to room temperature. The reaction was diluted with ether, washed 
with water, and concentrated in vacuo. The crude reaction was taken on without further 
purification. To a flame dried 25 mL round bottom flask was charged N- phthaloylnorvaline 
norvaline (1.00 g, 4.00 mml), dissolved in 13 mL DCM, and was added N,N-dimethylforamide 
dimethyl acetal (1.10 mL, 8.00 mmol). The reaction was heated to reflux and allowed to stir 
overnight. The reaction was allowed to cool to room temperature and was diluted with ether, 
washed with saturated bicarbonate, washed with saturated ammonium chloride, washed with brine, 
dried with MgSO4, and concentrated in vacuo. The crude product was purified via column 
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chromatography (20% ethyl acetate in hexanes) to give the product (0.745 g, 71% yield) as a clear 
oil.   
1H NMR: (600MHz ,CDCl3) 7.90 - 7.82 (m, 2 H), 7.77 - 7.70 (m, 2 H), 4.86 (dd, J = 4.6, 11.2 Hz, 
1 H), 3.72 (s, 3 H), 2.32 - 2.21 (m, 1 H), 2.21 - 2.11 (m, 1 H), 1.38 - 1.26 (m, 2 H), 0.92 (t, J = 7.3 
Hz, 3 H) 
13C NMR: (151MHz ,CDCl3) d = 169.9, 167.7, 134.1, 131.8, 123.6, 52.6, 51.8, 30.6, 19.5, 13.3 
HRMS: calculated [C14H15NO4+H]
+
 = 262.10738, found = 262.10656 
 
trans-4-methylcyclohexyl benzoate (23): To a flame dried 250 mL round bottom flask was 
charged with DMAP (0.390 g, 3.20 mmol) and dissolved in 80 mL DCM was added trans-4-
methylcyclohexanol (2.00 mL, 16.0 mmol) and trimethylamine (3.35 mL, 24.0 mmol). The 
reaction was cooled to 0 °C. Benzoyl chloride (2.25 mL, 19.2 mmol) was then added dropwise. 
The reaction was allowed to warm to room temperature and stir overnight. The reaction was 
quenched with water and extracted with DCM, dried with MgSO4, and concentrated in vacuo. The 
crude product was purified via column chromatography (5% ethyl acetate in hexanes) to give the 
product (3.06 g, 88% yield) as a white solid.   
1H NMR: (600MHz ,CDCl3) 8.05 (dd, J = 0.9, 8.3 Hz, 12 H), 7.57 - 7.53 (m, 6 H), 7.46 - 7.41 (m, 
12 H), 4.92 (tt, J = 4.4, 11.1 Hz, 6 H), 2.12 - 2.06 (m, 12 H), 1.83 - 1.76 (m, 12 H), 1.56 - 1.47 (m, 
13 H), 1.46 - 1.39 (m, 6 H), 1.17 - 1.07 (m, 12 H), 0.93 (d, J = 6.6 Hz, 18 H)  
13C NMR: (151MHz ,CDCl3) 166.1, 132.6, 130.9, 129.5, 128.2, 74.0, 33.0, 31.7, 31.7, 21.9 
HRMS: calculated for [C14H18O2+H]
+ = 219.13796, found = 219.13797 
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trans-4-methylcyclohexyl phthalimide (24): To a flame dried 100 mL round bottom flask was 
charged with tran-4-methylcyclohexylamine hydrochloride (1.50 g, 10.0 mmol), phthalic 
anhydride (2.20 g, 15.0 mmol) and dissolved in 29 mL DMF was heated to reflux and stirred 
overnight. The reaction was allowed to cool to room temperature. The reaction was diluted with 
ether, washed with water, and concentrated in vacuo. The crude product was purified via column 
chromatography (20% ethyl acetate in hexanes) to give the product (1.04 g, 43% yield) as a white 
solid.   
1H NMR: (600MHz ,CDCl3) 7.89 - 7.76 (m, 2 H), 7.73 - 7.63 (m, 2 H), 4.09 (tt, J = 3.9, 12.4 Hz, 
1 H), 2.27 (dq, J = 3.5, 12.8 Hz, 2 H), 1.88 - 1.77 (m, 2 H), 1.77 - 1.64 (m, 2 H), 1.57 - 1.41 (m, 1 
H), 1.17 - 0.99 (m, 2 H), 0.93 (d, J = 6.6 Hz, 3 H) 
13C NMR: (151MHz ,CDCl3) 168.5, 133.7, 132.1, 123.0, 50.7, 34.5, 31.5, 29.5, 22.2 
HRMS: calculated [C15H17NO2+H]
+
 = 244.13321, found = 244.13244 
 
tetrahydrolinalool benzoate (27): Prepared via a 2-step procedure. To a flame dried 10 mL Ace 
Glass pressure tube was charged 10% palladium on carbon (0.180g, 1.70 mmol) 5 mL ethanol, and 
linalool (3.00 mL, 16.7 mmol). The tube was sealed with a Swagelok gas quick-connect adapter69 
and pressurized with 7 atm of H2. The reaction was allowed to stir over 3 days, monitored by 
HNMR, and repressurized multiple times. The crude reaction was diluted with DCM and ran 
through a celtie plug, concentrated in vacuo, diluted with DCM and ran through a silica plug. The 
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reaction was taken on without further purification. To a flame dried 25 mL round bottom flask was 
charged with DMAP (36.7 mg, 0.300 mmol) and dissolved in 10 mL pyridine was added 
tetrahydrolinalool (1.00 g, 6.30 mmol). To the reaction benzoyl chloride (2.22 mL, 19.0 mmol) 
was added dropwise was allowed to stir overnight. The reaction was diluted with hexanes, washed 
with water, dried with MgSO4, and concentrated in vacuo. The crude product was purified via 
column chromatography (5% ethyl acetate in hexanes) to give the product (1.55 g, 94% yield) as 
a clear oil. 
1H NMR: (500MHz ,CDCl3) 8.02 - 7.96 (m, 2 H), 7.56 - 7.49 (m, 1 H), 7.45 - 7.36 (m, 2 H), 2.09 
- 1.77 (m, 4 H), 1.60 - 1.49 (m, 4 H), 1.40 - 1.30 (m, 2 H), 1.24 - 1.16 (m, 2 H), 0.93 (t, J = 7.5 Hz, 
3 H), 0.87 (d, J = 6.4 Hz, 6 H) 
13C NMR: (126MHz ,CHLOROFORM-d) 165.5, 132.5, 132.0, 129.4, 128.2, 85.9, 39.3, 38.2, 31.1, 
27.8, 23.4, 22.6, 21.3, 8.1 
HRMS: calculated [C17H26O2+H]
+
 = 263.20056, found = 263.10990 
2.7.4 Standard Synthesis 
 
3-methyl pentyl tosylate (S6): To a flame dried 100 mL round bottom flask was charged with 
tosyl chloride (7.96 g, 41.7 mmol) and dissolved in 21.0 mL pyridine. The reaction was cooled to 
0 °C. To the reaction 3-methyl pentyl pentanol (4.00 mL, 32.1 mmol). The reaction was allowed 
to warm to room temperature and stir overnight. The reaction was quenched with 1 M HCl solution 
and extracted with ether. The organic layer was washed with saturated CuSO4 solution, saturated 
bicarbonate solution, brine, dried with MgSO4, and concentrated in vacuo. The crude product was 
 58 
purified via column chromatography (5% ethyl acetate in hexanes) to give the product (3.72 g, 
45% yield) as a clear oil.   
1H NMR: (600MHz ,CDCl3) 7.84 - 7.72 (m, 2 H), 7.35 (d, J = 8.1 Hz, 2 H), 4.14 - 3.96 (m, 2 H), 
2.45 (s, 3 H), 1.74 - 1.62 (m, 1 H), 1.49 - 1.35 (m, 2 H), 1.32 - 1.20 (m, 1 H), 1.15 - 1.03 (m, 1 H), 
0.83 - 0.78 (m, 6 H) 
13C NMR: (151MHz ,CDCl3) 144.6, 133.1, 129.8, 127.9, 69.1, 35.2, 30.6, 29.1, 21.6, 18.6, 11.1 
HRMS: calculated for [C13H20O3S+H]
+ = 257.1206, found = 257.1318 
 
1-chloro-3-methylpentane (S7): A flame dried 50 mL round bottom flask was charged with 
lithium chloride (1.49 g, 35.1 mmol), dissolved in 12.0 mL DMF, and added 3-methylpentyl 
tosylate (3.00 g, 11.7 mmol). The reaction was heated to 90 °C. The reaction was allowed to stir 
overnight. The reaction was diluted with ether and washed twice with 1 M HCl solution. The 
organic layer was dried with MgSO4, and concentrated in vacuo. The product (0.210 g, 15% yield) 
was given as a pale yellow oil.   
1H NMR: (600MHz ,CDCl3) 3.65 - 3.53 (m, 2 H), 1.87 - 1.77 (m, 1 H), 1.66 - 1.55 (m, 2 H), 1.43 
- 1.34 (m, 1 H), 1.25 - 1.16 (m, 1 H), 0.95 - 0.86 (m, 6 H) 
13C NMR: (151MHz ,CDCl3) 43.4, 39.3, 31.9, 29.1, 18.5, 11.2 
HRMS: calculated for [C6H12Cl]
- = 119.0628, found = 191.0623 
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1-chloro-4,4-dimethylpentane (S8):  Prepared via a 5-step procedure. To a flame dried 250 mL 
round bottom flask was charged with sodium hydride (1.56 g, 64.8 mmol) and dissolved in 47.0 
mL THF. The reaction was cooled to 0 °C. To the reaction triethyl phosphonoacetate (15.0 mL, 
75.6 mmol) was added and allowed to stir for 15 minutes, then pivaldehyde (5.87 mL, 54.0 mmol) 
was added in 45.0 mL THF. The reaction was allowed to stir overnight and warm to room 
temperature. The reaction was quenched with saturated ammonium chloride, extracted with ethyl 
acetate, washed with brine, and dried with MgSO4, and concentrated in vacuo. The crude product 
was taken on without further purification. To a flame dried 100 mL round bottom flask was 
charged with palladium on carbon (0.480 g, 4.50 mmol) and dissolved in 22.0 mL methanol. To 
the reaction ethyl (E)-4,4-dimethyl-2-pentenoate (7.00 g, 44.8 mmol) was added and allowed to 
stir overnight. The reaction was quenched with saturated ammonium chloride, extracted with ethyl 
acetate, washed with brine, and dried with MgSO4, and concentrated in vacuo. The crude product 
was taken on without further purification. To a flame dried 250 mL round bottom was charged 
lithium aluminum hydride (0.360 g, 9.50 mmol) and dissolved in 38.0 mL ether. The reaction was 
cooled to 0 °C and added ethyl 4,4-dimethylpentanoate (1.20 g, 7.60 mmol) in 32.0 mL ether. The 
reaction was allowed to stir overnight. The reaction was quenched with 1.00 mL water, 2.50 mL 
15% sodium hydroxide solution, and 2.50 mL water, then filtered through celite, dried with 
MgSO4, and concentrated in vacuo. The crude product was taken on without further purification. 
To a flame dried 50 mL round bottom was charged tosyl chloride (0.600 g, 5.20 mmol), 
trimethylamine hydrochloride (49.7 mg, 0.520 mmol), and dissolved in 5.00 mL DCM. The 
reaction was cooled to 0 °C and added trimethylamine (1.81 mL, 13.0 mmol) and 4,4-
dimethylpentanol (0.600 g, 5.20 mmol) in 5.00 mL DCM. The reaction was allowed to stir for 1 
hour and quenched with N,N-dimethyl-1,3-propanediamine (1.30 mL, 10.4 mmol) and allowed to 
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stir for 15 minutes. The reaction was diluted with water, washed with 1 M HCl, and dried with 
MgSO4, and concentrated in vacuo. The crude product was taken on without further purification. 
To a flame dried 25 mL round bottom was charged with 4,4-dimethylpentyl tosylate (1.00 g, 3.70 
mmol), dissolved  in 7.50 mL DMF, and added lithium chloride (0.470 g, 11.1 mmol). The reaction 
was heated to 50 °C and allowed to stir overnight. The reaction was diluted with pentane and 
washed with water. The organic layer was filtered through a silica plug with pentane and 
concentrated in vacuo. The product (79.1 mg, 16% yield) was obtained as a clear oil. 
1H NMR: (600MHz ,CDCl3) 3.51 (t, J = 6.8 Hz, 2 H), 1.79 - 1.70 (m, 2 H), 1.33 - 1.26 (m, 2 H), 
0.89 (s, 9 H) 
13C NMR: (151MHz ,CDCl3) 46.1, 41.3, 30.1, 29.3, 28.2 
HRMS: calculated for [C7H14Cl]
- = 133.0790, found = 133.0779  
 
4-chloro-2-ethylbutyl benzoate (S10):  Prepared via a 3-step procedure. Ethyl 2-ethyl-4-
iodobutanoate S9 was prepared as outlined by Bach.70 To a flame dried 250 mL round bottom was 
charged with ethyl 2-ethyl-4-iodobutanoate S9 (3.00 g, 11.1 mmol), dissolved in 11.0 mL DMF, 
and added lithium chloride (1.40 g, 33.3 mmol). The reaction was heated to 90 °C and allowed to 
stir overnight. The reaction was diluted with ether and washed with 1 M HCl, dried with MgSO4, 
and concentrated in vacuo. The crude product was taken on without further purification. To a flame 
dried 250 mL round bottom was charged lithium aluminum hydride (0.400 g, 10.5 mmol) and 
dissolved in 42.0 mL ether. The reaction was cooled to 0 °C and added ethyl 4-chloro-2-
ethylbutanoate (1.50 g, 8.40 mmol) in 35.0 mL ether. The reaction was allowed to stir overnight. 
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The reaction was quenched with 1.00 mL water, 2.50 mL 15% sodium hydroxide solution, and 
2.50 mL water, then filtered through celite, dried with MgSO4, and concentrated in vacuo. The 
crude product was taken on without further purification. To a flame dried 50 mL round bottom 
flask was charged with DMAP (71.0 mg, 0.600 mmol) and dissolved in 15.0 mL DCM. The 
reaction was cooled to 0 °C and added triethylamine (0.600 mL, 4.40 mmol), 4-chloro-2-
ethylbutanol (0.40 g, 2.90 mmol), and benzoyl chloride (0.410 mL, 3.50 mmol). The reaction was 
allowed to stir overnight. The reaction was quenched with water, extracted with DCM, dried with 
MgSO4, and concentrated in vacuo. The product (0.590 g, 84% yield) was obtained as a clear oil. 
1H NMR:  (600MHz ,CDCl3) 8.06 - 8.01 (m, 2 H), 7.60 - 7.55 (m, 1 H), 7.48 - 7.42 (m, 2 H), 3.65 
(t, J = 7.0 Hz, 2 H), 2.04 - 1.97 (m, 1 H), 1.92 (dq, J = 7.3, 14.1 Hz, 2 H), 1.54 - 1.46 (m, 2 H), 
0.99 (t, J = 7.5 Hz, 3 H) 
13C NMR: (151MHz ,CDCl3) 166.6, 133.0, 130.1, 129.5, 128.4, 66.4, 42.9, 36.6, 34.3, 23.7, 11.1 
HRMS: calculated for [C13H17ClO2+H]
+ = 241.0990 , found = 241.0989 
 
1-chloro-3-pentanyl benzoate (S12):  Prepared via a 4-step procedure. 1-hydroxy-3-pentanone 
S11 was prepared as outlined by Albizati.71 To a flame dried 250 mL round bottom flask was 
charged with 1-hydroxy-3-pentanone S11 (800.0 mg, 7.80 mmol) and dissolved in 58.0 mL 
ethanol. The reaction was cooled to 0 °C and added sodium borohydride (178 mg, 4.70 mmol) in 
multiple portions over 5 minutes and allowed to stir for 3 hours. The reaction was quenched with 
1.10 mL acetic acid added dropwise and allowed to stir for 30 minutes. The reaction was diluted 
with ethyl acetate washed with 5% bicarbonate solution. The aqueous layer was saturated with 
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sodium chloride and extracted with ether, dried with MgSO4, and concentrated in vacuo.  The 
crude reaction was taken on without further purification. To a flame dried 50 mL round bottom 
flask was charged with tosyl chloride (594 mg, 3.12 mmol) and dissolved in 4.40 mL pyridine. 
The reaction was cooled to -23 °C and added 1,3-pentandiol (400.0 mg, 3.12 mmol) in 4.40 mL 
pyridine. The reaction was allowed to stir for 45 minutes. The reaction was quenched with cold 
water and extracted with ether. The organic layer was washed with cold water, washed with cold 
1 M HCl, washed again with cold water, and washed with cold saturated bicarbonate solution, 
dried with MgSO4, and concentrated in vacuo. The crude reaction was taken on without further 
purification. To a flame dried 10 mL round bottom flask was charged with DMAP (11.0 mg, 
0.0900 mmol) and dissolved in 2.20 mL DCM. The reaction was cooled to 0 °C and added 
triethylamine (90.6 μL, 0.650 mmol), 3-hydroxypentyl tosylate (0.110 g, 0.430 mmol), and 
benzoyl chloride (60.4 μL, 0.520 mmol). The reaction was allowed to stir overnight. The reaction 
was quenched with water, extracted with DCM, dried with MgSO4, and concentrated in vacuo. 
The crude product was taken on without further purification. To a flame dried 10 mL round bottom 
was charged with 1-(tosyloxy)-3-pentyl benzoate (84.0 mg, 0.230 mmol), dissolved  in 0.500 mL 
DMF, and added lithium chloride (29.0 mg,0.690 mmol). The reaction was heated to 90 °C and 
allowed to stir overnight. The reaction was diluted with pentane and washed with water. The 
organic layer was filtered through a silica plug with pentane and concentrated in vacuo. The 
product (19.3 mg, 37% yield) was obtained as a clear oil. 
1H NMR:  (600MHz ,CDCl3) 8.07 - 8.03 (m, 2 H), 7.59 - 7.55 (m, 1 H), 7.48 - 7.43 (m, 2 H), 5.28 
- 5.22 (m, 1 H), 3.64 - 3.55 (m, 2 H), 2.25 - 2.17 (m, 1 H), 2.16 - 2.09 (m, 1 H), 1.80 - 1.73 (m, 2 
H), 0.98 (t, J = 7.3 Hz, 3 H) 
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13C NMR: (151MHz ,CDCl3) 166.1, 133.0, 130.2, 129.6, 128.4, 73.3, 40.9, 36.8, 27.2, 9.5 
HRMS: calculated for [C12H15ClO2+H]
+ = 227.0833, found = 227.0833  
 
4-chloro-2-phenylbutyl benzoate (S13):  Prepared via a 3-step procedure. To a flame dried 1 L 
round bottom flask was charged with diisopropylamine (2.90 mL, 20.7 mmol) and dissolved in 
10.0 mL THF. The reaction was cooled to 0 °C and added n-butyl lithium (9.60 mL, 20.7 mmol). 
The reaction was allowed to stir for 30 minutes and then cooled to -78 °C and added ethyl-2-phenyl 
acetate (2.70 mL, 18.8 mmol) in 20.0 mL THF. The reaction was allowed to stir for 30 minutes 
and added DMPU (2.30 mL, 18.8 mmol) in 20.0 mL THF and 1-bromo-2-chloroethane (3.14 mL, 
37.6 mmol) in 40.0 mL THF. The reaction was allowed to warm to room temperature and stir 
overnight. The reaction was quenched with 1 M HCl extracted with ether. The organic layer was 
washed with brine, dried with MgSO4, and concentrated in vacuo. The crude reaction was filtered 
through a silica plug and taken on without further purification. To a flame dried 250 mL round 
bottom flask was charged with lithium aluminum hydride (0.450 g, 11.8 mmol) and dissolved in 
47.0 mL ether. The reaction was cooled to 0 °C and added ethyl 4-chloro-2-phenylbutanoate (2.00 
g, 9.40 mmol) in 24.0 mL ether. The reaction was allowed to stir overnight. The reaction was 
quenched with 1.00 mL water, 2.50 mL 15% sodium hydroxide solution, and 2.50 mL water, then 
filtered through celite, dried with MgSO4, and concentrated in vacuo. The crude product was taken 
on without further purification. To a flame dried 100 mL round bottom was charged DMAP (0.150 
g, 1.20 mmol), 4-chloro-2-phenylbutan-1-ol (1.00 g, 5.90 mmol), and dissolved in 30.0 mL DCM. 
The reaction was cooled to 0 °C and added trimethylamine (1.24 mL, 8.90 mmol) and benzoyl 
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chloride (0.83 mL, 7.10 mmol). The reaction was allowed to stir for 2 days and quenched with 
water and extracted with DCM. The organic layer was washed with 1 M HCl, and dried with 
MgSO4, and concentrated in vacuo. . The crude product purified via column chromatography (10% 
ethyl acetate in hexanes) to give the product (0.630 g, 11% yield) as a clear oil. 
1H NMR: (600MHz ,CDCl3) 8.01 - 7.96 (m, 2 H), 7.56 (tt, J = 1.2, 7.4 Hz, 1 H), 7.47 - 7.42 (m, 2 
H), 7.39 - 7.34 (m, 2 H), 7.32 - 7.26 (m, 3 H), 4.52 - 4.44 (m, 2 H), 3.54 (ddd, J = 5.0, 6.6, 11.2 
Hz, 1 H), 3.42 - 3.32 (m, 2 H), 2.34 (dddd, J = 4.8, 6.7, 9.0, 14.0 Hz, 1 H), 2.23 - 2.15 (m, 1 H) 
13C NMR: (151MHz ,CDCl3) 166.4, 139.9, 133.0, 130.0, 129.5, 128.8, 128.4, 127.9, 127.3, 68.3, 
42.6, 42.2, 35.2 
HRMS: calculated for [C17H17ClO2+H]
+ = 289.0990 , found = 289.0987 
 
2-(3-chloropropyl)-2,4,4,5,5-pentamethyl-1,3-dioxolane (S14): To a flame dried 100 mL round 
bottom flask was charged with p-toluenesulfonic acid (57.0 mg, 0.300 mmol) and dissolved in 
22.0 mL benzene. To the reaction trimethylorthoformate (6.86 mL, 62.7 mmol) and 5-chloro-2-
pentanone (3.00 mL, 26.1 mmol) was added and heated to reflux. The reaction was allowed to stir 
overnight. The reaction was cooled to room temperature and quenched with saturated bicarbonate. 
The organic layer was dried with MgSO4, and concentrated in vacuo. To the crude reaction was 
added p-toluenesulfonic acid (50.0 mg, 0.260 mmol) and pinacol (1.67 g, 15.7 mmol) and 
dissolved in 31.0 mL chloroform. The reaction was heated to reflux and allowed to stir overnight. 
The reaction was cooled to room temperature and quenched with saturated bicarbonate. The 
organic layer was dried in MgSO4 and concentrated in vacuo. The crude product purified via 
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column chromatography (10% ethyl acetate in hexanes) to give the product (1.65 g, 29% yield) as 
a yellow oil. 
1H NMR: (600MHz ,CDCl3) 1.64 - 1.60 (m, 2 H), 1.45 - 1.39 (m, 1 H), 1.38 (s, 3 H), 1.25 (s, 6 
H), 1.23 (s, 6 H), 0.92 (t, J = 7.5 Hz, 3 H) 
13C NMR: (151MHz ,CDCl3) 107.6, 82.3, 45.4, 26.9, 24.8, 24.7, 18.4, 14.6 
HRMS: calculated for [C11H21ClO2+H]
+ = 221.1303, found = 221.1304 
 
tert-butyl 5-chloro-2,2-dimethylpentanoate (S15): To a flame dried 100 mL round bottom flask 
was charged with diisopropylamine (1.02 mL, 7.30 mmol) and dissolved in 17.0 mL THF was 
cooled to 0 °C. To the reaction n-butyl lithium (2.90 mL, 7.30 mmol) was added and allowed to 
stir for 30 minutes. The reaction was cooled to -78 °C and added tert-butyl isobutyrate (1.00 g, 
6.90 mmol) and was allowed to stir for 30 minutes. To the reaction 1-bromo-3-chloro propane 
(0.680 mL, 6.90 mmol) and HMPA (1.20 mL, 6.90 mmol) were added. The reaction was allowed 
to warm to room temperature and stir overnight. The reaction was quenched with 1 M HCl solution 
and extracted with ether three times. The organic layer was washed with brine, dried with MgSO4, 
and concentrated in vacuo. The crude product was purified via column chromatography (10% ethyl 
acetate in hexanes) to give the product (0.610 g, 40% yield) as a clear oil. 
1H NMR: (600MHz ,CDCl3) 3.51 (t, J = 6.6 Hz, 2 H), 1.76 - 1.69 (m, 2 H), 1.65 - 1.58 (m, 2 H), 
1.43 (s, 9 H), 1.13 (s, 6 H) 
13C NMR: (151MHz ,CDCl3) 176.8, 80.0, 45.5, 42.3, 37.9, 28.4, 28.0, 25.2 
HRMS: calculated for [C11H22ClO2+H]
+ = 221.1303, found = 221.1304 
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5-chloropentyl phthalimide (S16):  To a flame dried 500 mL round bottom was charged with 
phthalimide (3.78 g, 25.7 mmol), added triphenylphosphine (6.74 g, 25.7 mmol), and dissolved in 
171 mL THF. To the reaction was added 5-chloropentanol (2.00 mL, 17.1 mmol) and DIAD (5.05 
mL, 25.7 mmol) and allowed to stir overnight. The reaction concentrated in vacuo. The crude 
product was purified via column chromatography (20% ethyl acetate in hexanes) to give the 
product (3.13 g, 73% yield) as a pale yellow solid. 
1H NMR: (600MHz ,CHLOROFORM-d) 7.86 - 7.82 (m, 2 H), 7.73 - 7.69 (m, 2 H), 3.72 - 3.67 
(m, 2 H), 3.53 (dt, J = 1.1, 6.6 Hz, 2 H), 1.85 - 1.79 (m, 2 H), 1.74 - 1.68 (m, 2 H), 1.49 (quin, J = 
7.7 Hz, 2 H) 
13C NMR: (151MHz ,CHLOROFORM-d) 168.4, 133.9, 132.1, 123.2, 44.7, 37.7, 32.0, 27.9, 24.1 
HRMS: calculated for [C13H14ClNO2+H]
+ = 252.0786, found = 252.0783 
 
trans-1-(chloromethyl)-4-methylcyclohexane (S17): Prepared via a 4-step procedure. . To a 
flame dried 500 mL round bottom flask was charged trans-4-methylcyclohexane carboxylic acid 
(6.00 g, 42.2 mml), dissolved in 140 mL DCM, and was added N,N-dimethylforamide dimethyl 
acetal (11.6 mL, 84.4 mmol). The reaction was heated to reflux and allowed to stir overnight. The 
reaction was allowed to cool to room temperature and was diluted with ether, washed with 
saturated bicarbonate, washed with saturated ammonium chloride, washed with brine, dried with 
MgSO4, and concentrated in vacuo. The crude reaction was taken on without further purification. 
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To a flame dried 1 L round bottom flask was charged with lithium aluminum hydride (2.43 g, 64.0 
mmol) and dissolved in 200 mL ether. The reaction was cooled to 0 °C and added trans-4-
methylcyclohexane carboxylic acid methyl ester (6.6 g, 42.2 mmol) in 250 mL ether. The reaction 
was allowed to stir overnight. The reaction was quenched with 2.50 mL water, 5.00 mL 15% 
sodium hydroxide solution, and 7.50 mL water, then filtered through celite, dried with MgSO4, 
and concentrated in vacuo. The crude product was taken on without further purification.  To a 
flame dried 250 mL round bottom was charged tosyl chloride (5.18 g, 46.8 mmol), trimethylamine 
hydrochloride (0.300 g, 3.10 mmol), and dissolved in 31 mL DCM. The reaction was cooled to 0 
°C and added trimethylamine (10.9 mL, 78.0 mmol) and (trans-4-methylcyclohexyl) methanol 
(4.00 g, 31.2 mmol) in 31 mL DCM. The reaction was allowed to stir for 3 hour and quenched 
with N,N-dimethyl-1,3-propanediamine (7.85 mL, 62.4 mmol) and allowed to stir for 15 minutes. 
The reaction was diluted with water, washed with 1 M HCl, and dried with MgSO4, and 
concentrated in vacuo. The crude product was taken on without further purification. To a flame 
dried 50 mL round bottom was charged with (trans-4-methylcyclohexyl) methanol tosylate (3.00 
g, 10.6 mmol), dissolved in 21 mL DMF, and added lithium chloride (1.40 g, 31.9 mmol). The 
reaction was heated to 90 °C and allowed to stir overnight. The reaction was diluted with pentane 
and washed with water. The organic layer was filtered through a silica plug with pentane and 
concentrated in vacuo. The product (0.924 g, 59% yield) was obtained as a clear oil.  
1H NMR: (600MHz ,CDCl3) 3.38 (d, J = 6.2 Hz, 2 H), 1.88 - 1.82 (m, 2 H), 1.76 - 1.69 (m, 2 H), 
1.61 - 1.51 (m, 1 H), 1.36 - 1.25 (m, 1 H), 1.06 - 0.98 (m, 2 H), 0.97 - 0.90 (m, 2 H), 0.89 (d, J = 
6.6 Hz, 3 H) 
13C NMR: (151MHz ,CDCl3) 51.1, 40.0, 34.5, 32.5, 30.7, 22.5 
HRMS: calculated [C8H15Cl]
+•
 = 146.08568, found = 146.08561  
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trans-4-(chloromethyl)cyclohexyl benzoate (S18):  Prepared via a 6-step procedure. To a flame 
dried 100 mL round bottom was charged imidazole (3.40 g, 50.6 mmol), trans-4-methyl 
hydroxycyclohexane carboxylate (4.00 g, 25.3 mmol), and dissolved in 17.0 mL DMF. To the 
reaction tert-butyldimethylsilyl chloride (4.20 g, 27.8 mmol) was added. The reaction was allowed 
to stir overnight. The reaction was quenched with water, diluted with ether, washed with brine, 
dried with MgSO4, and concentrated in vacuo. The crude product was taken on without further 
purification. To a flame dried 500 mL round bottom was charged lithium aluminum hydride (1.13 
g, 29.8 mmol) and dissolved in 120 mL ether. The reaction was cooled to 0 °C and added trans-4-
methyl(tert-butyldimethylsilylether)cyclohexane carboxylate (6.50 g, 23.9 mmol) in 96.0 mL 
ether. The reaction was allowed to stir overnight. The reaction was quenched with 1.00 mL water, 
2.50 mL 15% sodium hydroxide solution, and 2.50 mL water, then filtered through celite, dried 
with MgSO4, and concentrated in vacuo. The crude product was taken on without further 
purification. To a flame dried 100 mL round bottom was charged tosyl chloride (3.40 g, 30.8 
mmol), trimethylamine hydrochloride (0.200 g, 2.10 mmol), and dissolved in 20.0 mL DCM. The 
reaction was cooled to 0 °C and added trimethylamine (7.20 mL, 51.3 mmol) and trans-4-(tert-
butyldimethylsilylether)cyclohexyl methanol (5.00 g, 20.5 mmol) in 20.0 mL DCM. The reaction 
was allowed to stir for 1 hour and quenched with N,N-dimethyl-1,3-propanediamine (5.20 mL, 
41.0 mmol) and allowed to stir for 15 minutes. The reaction was diluted with water, washed with 
1 M HCl, and dried with MgSO4, and concentrated in vacuo. The crude product was taken on 
without further purification. To a flame dried 25 mL round bottom was charged with trans-4-(tert-
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butyldimethylsilylether)cyclohexyl methanol tosylate (8.00 g, 20.0 mmol), dissolved  in 40.0 mL 
DMF, and added lithium chloride (2.55 g, 60.0 mmol). The reaction was heated to 90 °C and 
allowed to stir overnight. The reaction was diluted with ether, washed with water, dried with 
MgSO4, and concentrated in vacuo. The crude product was taken on without further purification. 
To a flame dried 500 mL round bottom was charged trans-4-(chloromethyl) cyclohexyl tert-
butyldimethylsilylether (4.00 g, 15.2 mmol) and dissolved in 100 mL THF. To the reaction 
tetrabutyl ammonium fluoride (1.99 g, 7.6 mmol) was added and the reaction was allowed to stir 
overnight. The reaction was quenched with 1 M HCl and extracted 3 times with ether. The organic 
layer was washed with water, brine, dried with MgSO4, and concentrated in vacuo. The crude 
product was taken on without further purification. To a flame dried 250 mL round bottom flask 
was charged with DMAP (0.400 g, 3.40 mmol) and dissolved in 80.0 mL DCM. The reaction was 
cooled to 0 °C and added triethylamine (3.50 mL, 25.2 mmol), trans-4-(chloromethyl) 
cyclohexanol (2.50 g, 16.8 mmol), and benzoyl chloride (2.40 mL, 20.2 mmol). The reaction was 
allowed to stir overnight. The reaction was quenched with water, extracted with DCM, dried with 
MgSO4, and concentrated in vacuo. The crude product was purified via column chromatography 
(10% ethyl acetate in hexanes) to give the product (2.08 g, 49% yield) was obtained as an off white 
oil. 
1H NMR: (600MHz ,CDCl3) 8.11 - 7.99 (m, 11 H), 7.63 - 7.52 (m, 1 H), 7.50 - 7.39 (m, 2 H), 4.94 
(tt, J = 4.4, 11.0 Hz, 1 H), 3.44 (d, J = 6.6 Hz, 2 H), 2.21 - 2.14 (m, 2 H), 2.08 - 1.95 (m, 2 H), 1.79 
- 1.64 (m, 1 H), 1.57 - 1.49 (m, 2 H), 1.30 - 1.20 (m, 2 H) 
13C NMR: (151MHz ,CDCl3) 166.0, 132.8, 130.6, 129.5, 128.3, 73.4, 49.9, 39.2, 31.0, 28.5 
HRMS: calculated for [C14H17ClO2+H]
+ = 253.09898, found = 253.09897  
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6a-chloro-artemisinin (S19) was prepared by the Fasan group according to a literature procedure. 
63  
1H NMR: (600MHz ,CDCl3) 5.84 (s, 1 H), 3.73 - 3.62 (m, 2 H), 3.41 (dq, J = 5.5, 7.2 Hz, 1 H), 
2.48 (ddd, J = 4.2, 13.2, 14.9 Hz, 1 H), 2.09 (ddd, J = 2.9, 5.0, 14.9 Hz, 1 H), 2.02 - 1.94 (m, 2 H), 
1.90 - 1.77 (m, 3 H), 1.76 - 1.67 (m, 1 H), 1.58 - 1.42 (m, 5 H), 1.28 - 1.19 (m, 4 H), 1.13 (dq, J = 
3.5, 13.6 Hz, 1 H) 
13C NMR: (151MHz , CDCl3) 171.7, 105.4, 93.5, 79.3, 47.6, 44.5, 44.3, 43.5, 35.6, 32.8, 28.2, 
25.1, 24.0, 22.7, 12.5 
HRMS: calculated [C15H21ClO5+H]
+
 = 317.11503, found = 317.11380 
2.7.5 C-H Functionalizations 
General Procedure A: 
A flame dried, 1 dram vial, charged with a stir bar was brought into the glove where BPO (10 mol 
%), cesium carbonate (0.5 equiv), PhCF3 (0.5 M with respect to substrate), substrate (1 equiv), and 
chloroamide (1 or 1.5 equiv) were added. The reaction was capped with a PTFE lined screw cap, 
sealed with Teflon tape, taken out of the glovebox, heated to 65 °C in a pie block, and stirred for 
7 hours. The reaction was brought into the glovebox where BPO (10 mol %) was added. The 
reaction was capped and resealed with Teflon tape, taken out of the glovebox, heated to 65 °C in 
a pie block, and stirred for 17 hours. Upon completion, the reaction mixture was diluted with 3 mL 
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of DCM and analyzed by GC using dodecane as an internal standard. The diluted reaction mixture 
was then filtered over celite and concentrated down in vacuo and analyzed by NMR using 15.5 μL 
2,5-dimethylfuran or 5.1 μL hexamethyldisiloxane as an internal standard. 
General Procedure B: 
A flame dried, 1 dram vial, charged with a stir bar was brought into the glove where substrate (3 
or 5 equiv), BPO (10 mol %), cesium carbonate (0.5 equiv), PhCF3 (0.5 M with respect to 
chloroamide), and chloroamide (1.0 equiv) were added. The reaction was capped with a PTFE 
lined screw cap, sealed with Teflon tape, taken out of the glovebox, heated to 65 °C in a pie block, 
and stirred for 7 hours. The reaction was brought into the glovebox where BPO (10 mol %) was 
added. The reaction was capped and resealed with Teflon tape, taken out of the glovebox, heated 
to 65 °C in a pie block, and stirred for 17 hours. Upon completion, the reaction mixture was diluted 
with 3 mL of DCM and analyzed by GC using dodecane as an internal standard. The diluted 
reaction mixture was then filtered over celite and concentrated down in vacuo and analyzed by 
NMR using 15.5 μL 2,5-dimethylfuran or 5.1 μL hexamethyldisiloxane as an internal standard. 
General Procedure C: 
A flame dried, 1 dram vial was brought into the glove charged with xanthylamide (1.5 equiv), 
dissolved in PhCF3 (1.0 M with respect to substrate) and added substrate (1 equiv). The reaction 
was capped with a PTFE lined screw cap, sealed with Teflon tape, taken out of the glovebox, 
placed over blue LED lights and allowed to react for 24 hours. Upon completion, the reaction 
mixture was diluted with 3 mL of DCM and analyzed by GC using dodecane as an internal 
standard. The diluted reaction mixture was then filtered over celite and concentrated down in vacuo 
and analyzed by NMR using 15.5 μL 2,5-dimethylfuran or 5.1 μL hexamethyldisiloxane as an 
internal standard. 
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General Procedure D: 
A flame dried, 1 dram vial, charged with a stir bar was brought into the glove where substrate (1 
equiv), BPO (20 mol %), cesium carbonate (0.5 equiv), PhCF3 (0.5 M with respect to substrate), 
and chloroamide (2.0 equiv) were added. The reaction was capped with a PTFE lined screw cap, 
sealed with Teflon tape, taken out of the glovebox, heated to 65 °C in a pie block, and stirred for 
7 hours. The reaction was brought into the glovebox where BPO (20 mol %) was added. The 
reaction was capped and resealed with Teflon tape, taken out of the glovebox, heated to 65 °C in 
a pie block, and stirred for 16 hours. The reaction was brought into the glovebox where BPO (20 
mol %) was added. The reaction was capped and resealed with Teflon tape, taken out of the 
glovebox, heated to 65 °C in a pie block, and stirred for 8 hours. The reaction was brought into the 
glovebox where BPO (20 mol %) was added. The reaction was capped and resealed with Teflon 
tape, taken out of the glovebox, heated to 65 °C in a pie block, and stirred for 17 hours.   Upon 
completion, the reaction mixture was diluted with DCM and filtered over celite and concentrated 
down in vacuo and analyzed by NMR using 15.5 μL 2,5-dimethylfuran or 5.1 μL 
hexamethyldisiloxane as an internal standard. 
 
Reaction with trans-decalin: Prepared according to General Procedure B with 5 equiv of substrate 
on 0.144 mmol scale using chloroamide 6 and trans-decalin. 
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Figure 2.8 1H NMR of crude reaction of trans-decalin with 3. 
 
 
Reaction with trans-decalin: Prepared according to General Procedure B with 5 equiv of substrate 
on 0.144 mmol scale using chloroamide 6 and trans-decalin. 
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Figure 2.9 1H NMR of crude reaction of trans-decalin with 4. 
 
 
Reaction with trans-decalin: Prepared according to General Procedure B with 5 equiv of substrate 
on 0.144 mmol scale using chloroamide 6 and trans-decalin. 
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Figure 2.10 1H NMR of crude reaction of trans-decalin with 5. 
 
 
Reaction with trans-decalin: Prepared according to General Procedure B with 5 equiv of substrate 
on 0.144 mmol scale using chloroamide 6 and trans-decalin. 
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Figure 2.11 1H NMR of crude reaction of trans-decalin with 6. 
 
 
Reaction with trans-decalin: Prepared according to General Procedure A with 1 equiv of 
chloroamide on 0.144 mmol scale using chloroamide 6 and trans-decalin giving 76% NMR yield. 
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Figure 2.12 1H NMR of crude reaction of trans-decalin with 6. 
 
 
Reaction with 3-methylpentane: Prepared according to General Procedure A with 1.5 equiv of 
chloroamide on 0.144 mmol scale using chloroamide 6 and 3-methylpentane giving 69% GC yield. 
GC data obtained using Method 1. 
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Table 2.3 GC data for functionalization of 3-methylpentane with 6. 
Product Retention Time Peak Area 
3° 3.730 2.423 
ω-1 4.160 11.153 
ω-1 4.247 9.931 
1° 4.920 7.277 
ω 5.023 69.217 
 
 
Reaction with 3-methylpentane: Prepared according to General Procedure A with 1.5 equiv of 
chloroamide on 0.144 mmol scale using chloroamide 3 and 3-methylpentane giving 96% GC yield. 
GC data obtained using Method 1. 
Table 2.4 GC data for functionalization of 3-methylpentane with 3. 
Product Retention Time Peak Area 
3° 3.727 6.05 
ω-1 4.159 32.653 
ω-1 4.246 30.938 
1° 4.927 3.559 
ω 5.029 26.801 
 
  
 79 
Figure 2.13 Chromatograph of 3-methylpentane functionalizations. 
 
 
GC assignments supported by 1H NMR spectrum analysis. 
 
Reaction with 2,2-dimethylpentane: Prepared according to General Procedure A with 1.5 equiv 
of chloroamide on 0.144 mmol scale using chloroamide 6 and 2,2-dimethylpentane giving 56% 
GC yield. GC data obtained using Method 1. 
Table 2.5 GC data for functionalization of 2,2-dimethylpentane with 6. 
Product Retention Time Peak Area 
 ω-1  4.737 30.953 
 1°  6.535 3.438 
ω 6.922 65.608 
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Reaction with 2,2-dimethylpentane: Prepared according to General Procedure A with 1.5 equiv 
of chloroamide on 0.144 mmol scale using chloroamide 3 and 2,2-dimethylpentane giving 45% 
GC yield. GC data obtained using Method 1. 
Table 2.6 GC data for functionalization of 2,2-dimethylpentane with 3. 
Product Retention Time Peak Area 
 ω-1  4.777 51.718 
 1°  6.574 18.004 
ω 6.965 30.278 
 
Figure 2.14 Chromatograph of 2,2-dimethylpentane functionalizations. 
 
 
GC assignments supported by 1H NMR spectrum analysis. 
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Reaction with 2,2-dimethylbutane: Prepared according to General Procedure B with 3 equiv of 
substrate on 0.144 mmol scale using chloroamide 6 and 2,2-dimethylbutane giving 40% NMR 
yield. GC data obtained using Method 1. 
 
Figure 2.15 1H NMR of crude reaction of 2,2-dimethylbutane with 6. 
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Table 2.7 GC data for functionalization of 2,2-dimethylbutane with 6. 
Product Retention Time Peak Area 
 2°   3.137 3.522 
 1°  3.606 89.33 
t-Bu 1° 3.716 7.148 
 
 
Reaction with 2,2-dimethylbutane: Prepared according to General Procedure B with 3 equiv of 
substrate on 0.144 mmol scale using chloroamide 3 and 2,2-dimethylbutane giving 39% NMR 
yield. GC data obtained using Method 1. 
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Figure 2.16 1H NMR of crude reaction of 2,2-dimethylbutane with 3. 
 
Table 2.8 GC data for functionalization of 2,2-dimethylbutane with 3. 
Product Retention Time Peak Area 
 2°   3.133 13.083 
 1°  3.604 80.895 
t-Bu 1° 3.715 6.022 
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Figure 2.17 Chromatograph of 2,2-dimethylbutane functionalizations.  
 
 
GC assignments supported by 1H NMR spectrum analysis. 
 
 
Reaction with n-hexane: Prepared according to General Procedure B with 5 equiv of substrate on 
0.144 mmol scale using chloroamide 6 and n-hexane giving 78% NMR yield. GC data obtained 
using Method 1. 
Table 2.9 GC data for functionalization of n-hexane with 6. 
Product Retention Time Peak Area 
 ω-1 & ω-2   4.439 68.354 
 ω  6.096 31.646 
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Figure 2.18 1H NMR of crude reaction of n-hexane with 6. 
 
 
Reaction with n-hexane: Prepared according to General Procedure B with 5 equiv of substrate on 
0.144 mmol scale using chloroamide 3 and n-hexane giving 76% NMR yield. GC data obtained 
using Method 1. 
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Table 2.10 GC data for functionalization of n-hexane with 3. 
Product Retention Time Peak Area 
 ω-1 & ω-2   4.48 89.313 
 ω  6.139 10.687 
 
Figure 2.19 1H NMR of crude reaction of n-hexane with 3. 
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Figure 2.20 Chromatograph of n-hexane functionalizations. 
 
 
GC assignments supported by 1H NMR spectrum analysis. 
 
Reaction with 2-ethylbutyl benzoate: Prepared according to General Procedure B with 3 equiv 
of substrate on 0.144 mmol scale using chloroamide 6 and 2-ethylbutyl benzoate giving 42% GC 
yield. GC data obtained using Method 4. 
Table 2.11 GC data for functionalization of 2-ethylbutyl benzoate with 6. 
Product Retention Time Peak Area 
3° 9.024 2.243 
 ω-1  9.635 9.626 
ω 10.021 88.132 
 
 88 
 
Reaction with 2-ethylbutyl benzoate: Prepared according to General Procedure B with 3 equiv 
of substrate on 0.144 mmol scale using chloroamide 3 and 2-ethylbutyl benzoate giving 41% GC 
yield. GC data obtained using Method 4. 
Table 2.12 GC data for functionalization of 2-ethylbutyl benzoate with 3. 
Product Retention Time Peak Area 
3° 8.936 11.983 
 ω-1  9.547 37.648 
ω 9.905 50.368 
 
Figure 2.21 Chromatograph of 2-ethylbutyl benzoate functionalizations. 
 
 
GC assignments supported by 1H NMR spectrum analysis. 
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Reaction with 3-pentyl benzoate: Prepared according to General Procedure A with 1.5 equiv of 
chloroamide on 0.144 mmol scale using chloroamide 6 and 3-pentyl benzoate giving 47% GC 
yield. GC data obtained using Method 4. 
Table 2.13 GC data for functionalization of 3-pentyl benzoate with 6. 
Product Retention Time Peak Area 
 ω-1  8.179 4.92 
 ω-1  8.222 5.797 
ω 8.772 89.282 
 
 
Reaction with 3-pentyl benzoate: Prepared according to General Procedure A with 1.5 equiv of 
chloroamide on 0.144 mmol scale using chloroamide 3 and 3-pentyl benzoate giving 52% GC 
yield. GC data obtained using Method 4. 
Table 2.14 GC data for functionalization of 3-pentyl benzoate with 3. 
Product Retention Time Peak Area 
 ω-1  8.181 19.220 
 ω-1  8.224 23.126 
ω 8.767 57.654 
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Figure 2.22 Chromatograph of 3-pentyl benzoate functionalizations. 
 
 
GC assignments supported by 1H NMR spectrum analysis. 
 
Reaction with 2-phenylbutyl benzoate: Prepared according to General Procedure B with 3 equiv 
of substrate on 0.144 mmol scale using chloroamide 6 and 2-phenylbutyl benzoate giving 58% GC 
yield. GC data obtained using Method 4. 
Table 2.15 GC data for functionalization of 2-phenylbutyl benzoate with 6. 
Product Retention Time Peak Area 
minor product 12.595 1.915 
minor product 12.937 2.519 
minor product 13.878 3.677 
minor product 14.227 2.924 
ω 15.045 88.967 
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Reaction with 2-phenylbutyl benzoate: Prepared according to General Procedure B with 3 equiv 
of substrate on 0.144 mmol scale using chloroamide 3 and 2-phenylbutyl benzoate giving 56% GC 
yield. GC data obtained using Method 4. 
Table 2.16 GC data for functionalization of 2-phenylbutyl benzoate with 3. 
Product Retention Time Peak Area 
minor product 12.596 13.168 
minor product 12.942 16.954 
minor product 13.881 15.703 
minor product 14.23 13.898 
ω 15.015 40.277 
 
Figure 2.23 Chromatograph of 2-phenylbutyl benzoate functionalizations. 
 
 
GC assignments supported by 1H NMR spectrum analysis. 
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Reaction with 2,4,4,5,5-pentamethyl-2-propyl-1,3-dioxolane: Prepared according to General 
Procedure A with 1.5 equiv of chloroamide on 0.144 mmol scale using chloroamide 6 and 
2,4,4,5,5-pentamethyl-2-propyl-1,3-dioxolane giving 46% GC yield. GC data obtained using 
Method 3. 
Table 2.17 GC data for functionalization of 2,4,4,5,5-pentamethyl-2-propyl-1,3-dioxolane 
with 6. 
Product Retention Time Peak Area 
 ω-1  15.155 50.335 
 ω  17.713 49.665 
 
 
Reaction with 2,4,4,5,5-pentamethyl-2-propyl-1,3-dioxolane: Prepared according to General 
Procedure A with 1.5 equiv of chloroamide on 0.144 mmol scale using chloroamide 3 and 
2,4,4,5,5-pentamethyl-2-propyl-1,3-dioxolane giving 66% GC yield. GC data obtained using 
Method 3. 
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Table 2.18 GC data for functionalization of 2,4,4,5,5-pentamethyl-2-propyl-1,3-dioxolane 
with 3. 
Product Retention Time Peak Area 
 ω-1  15.183 75.404 
 ω  17.700 24.596 
 
Figure 2.24 Chromatograph of 2,4,4,5,5-pentamethyl-2-propyl-1,3-dioxolane 
functionalizations. 
 
 
GC assignments supported by 1H NMR spectrum analysis. 
 
Reaction with tert-butyl 2,2-dimethylpentanoate: Prepared according to General Procedure A 
with 1.5 equiv of chloroamide on 0.144 mmol scale using chloroamide 6 and tert-butyl 2,2-
dimethylpentanoate giving 51% GC yield. GC data obtained using Method 3. 
Table 2.19 GC data for functionalization of tert-butyl 2,2-dimethylpentanoate with 6. 
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Product Retention Time Peak Area 
 ω-1  12.963 23.062 
 minor product 13.947 2.299 
ω 15.406 74.638 
 
 
Reaction with tert-butyl 2,2-dimethylpentanoate: Prepared according to General Procedure A 
with 1.5 equiv of chloroamide on 0.144 mmol scale using chloroamide 3 and tert-butyl 2,2-
dimethylpentanoate giving 55% GC yield. GC data obtained using Method 3. 
Table 2.20 GC data for functionalization of tert-butyl 2,2-dimethylpentanoate with 3. 
Product Retention Time Peak Area 
 ω-1  12.984 54.378 
 minor product 13.951 1.56 
ω 15.397 44.062 
 
Figure 2.25 Chromatograph of tert-butyl 2,2-dimethylpentanoate functionalizations. 
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GC assignments supported by 1H NMR spectrum analysis. 
 
Reaction with N-n-pentyl phthalimide: Prepared according to General Procedure A with 1.5 
equiv of chloroamide on 0.144 mmol scale using chloroamide 6 and n-pentyl phthalimide giving 
80% GC yield. GC data obtained using Method 4. 
Table 2.21 GC data for functionalization of N-n-pentyl phthalimide with 6. 
Product Retention Time Peak Area 
ω-2 11.435 1.490 
ω-1 12.028 65.099 
ω 12.859 33.411 
 
 
Reaction with N-n-pentyl phthalimide: Prepared according to General Procedure A with 1.5 
equiv of chloroamide on 0.144 mmol scale using chloroamide 3 and n-pentyl phthalimide giving 
77% GC yield. GC data obtained using Method 4. 
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Table 2.22 GC data for functionalization of N-n-pentyl phthalimide with 3. 
Product Retention Time Peak Area 
ω-2 11.437 4.412 
ω-1 12.033 84.488 
ω 12.843 11.100 
 
Figure 2.26 Chromatograph of N-n-pentyl phthalimide functionalizations. 
 
 
GC assignments made in agreement with previous reports.72 
 
Reaction with N-(2-methyl pentyl) phthalimide: Prepared according to General Procedure A 
with 1.5 equiv of chloroamide on 0.144 mmol scale using chloroamide 6 and N-(2-methyl pentyl) 
phthalimide giving 74% GC yield. GC data obtained using Method 4. 
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Table 2.23 GC data for functionalization of N-(2-methyl pentyl) phthalimide with 6. 
Product Retention Time Peak Area 
ω-1 12.020 24.059 
ω-1 12.155 27.447 
ω-2 12.502 0.986 
β 12.618 2.660 
ω 13.127 44.849 
 
 
Reaction with N-(2-methyl pentyl) phthalimide: Prepared according to General Procedure A 
with 1.5 equiv of chloroamide on 0.144 mmol scale using chloroamide 3 and N-(2-methyl pentyl) 
phthalimide giving 74% GC yield. GC data obtained using Method 4. 
Table 2.24 GC data for functionalization of N-(2-methyl pentyl) phthalimide with 3. 
Product Retention Time Peak Area 
ω-1 12.035 33.206 
ω-1 12.173 40.754 
ω-2 12.513 4.170 
β 12.626 1.082 
ω 13.120 20.787 
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Figure 2.27 Chromatograph of N-(2-methyl pentyl) phthalimide functionalizations. 
 
 
GC assignments made in agreement with previous reports.72 
 
Reaction with N-phthaloylnorvaline methyl ester: Prepared according to General Procedure B 
with 3 equiv of substrate on 0.144 mmol scale using chloroamide 6 and N-phthaloylnorvaline 
methyl ester giving 45% NMR yield. Chloride products assigned based on analogy to norleucine 
derivative.72  
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Figure 2.28 1H NMR of crude reaction of N-phthaloylnorvaline methyl ester with 6. 
 
 
Reaction with N-phthaloylnorvaline methyl ester: Prepared according to General Procedure B 
with 3 equiv of substrate on 0.144 mmol scale using chloroamide 3 and N-phthaloylnorvaline 
methyl ester giving 39% NMR yield. Chloride products assigned based on analogy to norleucine 
derivative.72 
Figure 2.29 1H NMR of crude reaction of N-phthaloylnorvaline methyl ester with 3. 
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Reaction with trans-1,4-dimethylcyclohexane: Prepared according to General Procedure A with 
1 equiv of chloroamide on 0.144 mmol scale using chloroamide 6 and trans-1,4-
dimethylcyclohexane giving 54% GC yield. GC data obtained using Method 3. 
  
 101 
Table 2.25 GC data for functionalization of trans-1,4-dimethylcyclohexane with 6. 
Product Retention Time Peak Area 
2° 5.607 38.20 
2° 5.912 31.73 
1° 7.108 30.08 
 
 
Reaction with trans-1,4-dimethylcyclohexane: Prepared according to General Procedure A with 
1 equiv of chloroamide on 0.144 mmol scale using chloroamide 3 and trans-1,4-
dimethylcyclohexane giving 75% GC yield. GC data obtained using Method 3. 
Table 2.26 GC data for functionalization of trans-1,4-dimethylcyclohexane with 3. 
Product Retention Time Peak Area 
2° 5.628 50.74 
2° 5.932 44.62 
1° 7.120 4.65 
 
Figure 2.30 Chromatograph of trans-1,4-dimethylcyclohexane functionalizations. 
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GC assignments supported by 1H NMR spectrum analysis. 
 
Reaction with trans-4-methylcyclohexylphthalimide: Prepared according to General Procedure 
B with 3 equiv of substrate on 0.144 mmol scale using chloroamide 6 and trans-4-
methylcyclohexylphthalimide giving 64% GC yield. GC data obtained using Method 4. 
Table 2.27 GC data for functionalization of trans-4-methylcyclohexylphthalimide with 6. 
Product Retention Time Peak Area 
2-Cl 14.168 23.17 
3-Cl 15.412 23.33 
3-Cl 15.651 18.09 
1° 16.884 35.42 
 
 
Reaction with trans-4-methylcyclohexylphthalimide: Prepared according to General Procedure 
B with 3 equiv of substrate on 0.144 mmol scale using chloroamide 3 and trans-4-
methylcyclohexylphthalimide trans-4-methylcyclohexylphthalimide giving 76% GC yield. GC 
data obtained using Method 4. 
Table 2.28 GC data for functionalization of trans-4-methylcyclohexylphthalimide with 3. 
Product Retention Time Peak Area 
2-Cl 14.173 26.25 
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3-Cl 15.426 29.22 
3-Cl 15.679 38.09 
1° 16.848 6.44 
 
Figure 2.31 Chromatograph of trans-4-methylcyclohexylphthalimide functionalizations. 
 
 
GC assignments supported by 1H NMR spectrum analysis. 
 
Reaction with trans-4-methylcyclohexyl benzoate: Prepared according to General Procedure A 
with 1 equiv of chloroamide on 0.144 mmol scale using chloroamide 6 and trans-4-
methylcyclohexyl benzoate giving 41% GC yield. GC data obtained using Method 4. 
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Table 2.29 GC data for functionalization of trans-4-methylcyclohexyl benzoate with 6. 
Product Retention Time Peak Area 
 3°  10.552 3.007 
2-Cl 10.862 8.075 
2-Cl 10.906 7.709 
3° 10.986 3.481 
3-Cl 11.153 19.057 
3-Cl 11.487 19.169 
1° 12.112 39.502 
 
 
Reaction with trans-4-methylcyclohexyl benzoate: Prepared according to General Procedure A 
with 1 equiv of chloroamide on 0.144 mmol scale using chloroamide 3 and trans-4-
methylcyclohexyl benzoate giving 49% GC yield. GC data obtained using Method 4. 
Table 2.30 GC data for functionalization of trans-4-methylcyclohexyl benzoate with 3. 
Product Retention Time Peak Area 
 3°  10.440 12.308 
2-Cl 10.743 13.097 
2-Cl 10.785 8.759 
3° 10.866 15.931 
3-Cl 11.027 18.940 
3-Cl 11.354 22.955 
1° 11.953 8.010 
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Figure 2.32 Chromatograph of trans-4-methylcyclohexyl benzoate functionalizations. 
 
 
GC assignments supported by 1H NMR spectrum analysis. 
 
Reaction with Artemisinin: Prepared according to General Procedure D on 0.144 mmol scale 
using chloroamide 6 and Artemisinin. The crude reaction mixture was subjected to flash 
chromatography (10 % ethyl acetate in hexanes) where products 25-Cl and unreacted 
Artemisinin were recovered. The unreacted Artemisinin was re-subjected to conditions according 
to General Procedure G. The products were isolated and combined to give 27.0 mg of 
chlorinated products (0.085 mmol, 59% yield). The stereochemistry of the secondary chloride 
25-Cl was assigned by analogy to the hydroxylation of artemisinin reported by Fasan.30 
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Figure 2.33 1H NMR of isolated products 22-Cl of reaction of Artemisinin with 6. 
 
 
  
2° 
Cl 
1° 
Cl 
 107 
Figure 2.34 13C NMR of isolated products 22-Cl of reaction of Artemisinin with 6. 
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Figure 2.35 13C NMR DEPT 135 of isolated products 22-Cl of reaction of Artemisinin with 6. 
 
 
Reaction with artemisinin: Prepared according to General Procedure D on 0.144 mmol scale 
using chloroamide 6 and artemisinin giving a 28% NMR yield. 
  
2° 
Cl 
1°  
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Figure 2.36 1H NMR of crude reaction of artemisinin with 3. 
 
 
 
Reaction with cedryl acetate: Prepared according to General Procedure A with 1 equiv of 
chloroamide on 0.144 mmol scale using chloroamide 6 and cedryl acetate giving 45% NMR yield. 
GC data obtained using Method 4. 
  
2° 
Cl 
1° 
Cl 
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Table 2.31 GC data for functionalization of cedryl acetate with 6. 
Product Retention Time Peak Area 
3-Cl 11.659 11.398 
2-Cl 11.890 13.716 
2-Cl 12.143 36.862 
1° 12.673 38.024 
 
Figure 2.37 1H NMR of crude reaction of cedryl acetate with 6. 
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Reaction with cedryl acetate: Prepared according to General Procedure A with 1 equiv of 
chloroamide on 0.576 mmol scale using chloroamide 3 and cedryl acetate giving 61% NMR yield. 
GC data obtained using Method 4. 
Table 2.32 GC data for functionalization of cedryl acetate with 3. 
Product Retention Time Peak Area 
3-Cl 11.671 35.093 
2-Cl 11.891 19.503 
2-Cl 12.139 33.57 
1° 12.642 11.834 
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Figure 2.38 1H NMR of crude reaction of cedryl acetate with 3. 
 
Figure 2.39 Chromatograph of cedryl acetate functionalizations. 
.
 
 
GC assignments supported by 1H NMR spectrum analysis. 
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Product assignments for cedryl acetate were determined using multiple 1D and 2D NMR 
experiments including 1H, 13C, DEPT 135, COSY, NOESY, TOCSY, HMQC, and HMBC after 
prep HPLC isolation. The peaks at 3.4 and 3.5 ppm in the 1H NMR were determined to be 
diastereotopic protons because both peaks correlated with a single carbon peak at 46 ppm in the 
HMQC. Using DEPT 135, it can be determined that the carbon peak at 46 ppm corresponds to a 
methylene carbon signal which is in agreement with a primary functionalization. The peaks at 4.5, 
4.0, and 3.6 ppm in the 1H NMR corresponded to carbon peaks at 71.9, 58.4, and 66.3 ppm 
respectively in the HMQC. All 3 carbon peaks correspond to methine carbon signals in the DEPT 
135 which is in agreement with secondary functionalization. Based on the TOCSY all 3 proton 
peaks correlated with 4 other proton signals, so all 3 proton peaks must correspond with 
functionalization on the 5 membered ring with the single methyl group. 
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Figure 2.40 1H NMR spectra of cedryl acetate functionalization with 6 after prep HPLC 
isolation. 
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Figure 2.41 13C NMR spectra of cedryl acetate functionalization with 6 after prep HPLC 
isolation. 
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Figure 2.42 HMQC spectra of cedryl acetate functionalization with 6 after prep HPLC 
isolation. 
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Figure 2.43 DEPT 135 spectra of cedryl acetate functionalization with 6 after prep HPLC 
isolation. 
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Figure 2.44 HMBC spectra of cedryl acetate functionalization with 6 after prep HPLC 
isolation. 
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Figure 2.45 COSY spectra of cedryl acetate functionalization with 6 after prep HPLC 
isolation. 
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Figure 2.46 1H NMR spectra of cedryl acetate functionalization with 3 after prep HPLC 
isolation. 
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Figure 2.47 13C NMR spectra of cedryl acetate functionalization with 3 after prep HPLC 
isolation. 
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Figure 2.48 13C NMR spectra of cedryl acetate functionalization with 3 after prep HPLC 
isolation. 
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Figure 2.49 HMQC spectra of cedryl acetate functionalization with 3 after prep HPLC 
isolation. 
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Figure 2.50 TOCSY spectra of cedryl acetate functionalization with 3 after prep HPLC 
isolation. 
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Figure 2.51 COSY spectra of cedryl acetate functionalization with 3 after prep HPLC 
isolation. 
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Figure 2.52 NOESY spectra of cedryl acetate functionalization with 3 after prep HPLC 
isolation. 
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Figure 2.53 HMBC spectra of cedryl acetate functionalization with 3 after prep HPLC 
isolation. 
 
 
 
Reaction with tetrahydrolinalool benzoate: Prepared according to General Procedure B with 3 
equiv of substrate on 0.144 mmol scale using chloroamide 6 and tetrahydrolinalool benzoate 
giving 56% NMR yield. GC data obtained using Method 4. 
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Table 2.33 GC data for functionalization of tetrahydrolinalool benzoate with 6. 
Product Retention Time Peak Area 
3° 11.556 7.665 
2° 11.764 3.052 
1° 11.995 35.915 
i-Pr 1° 12.533 53.368 
 
Figure 2.54 1H NMR of crude reaction of tetrahydrolinalool benzoate with 6. 
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Reaction with tetrahydrolinalool benzoate: Prepared according to General Procedure B with 3 
equiv of substrate on 0.144 mmol scale using chloroamide 3 and tetrahydrolinalool benzoate 
giving 37% NMR yield. GC data obtained using Method 4. 
Table 2.34 GC data for functionalization of tetrahydrolinalool benzoate with 3. 
Product Retention Time Peak Area 
3° 11.560 29.698 
2° 11.775 40.058 
1° 11.980 5.337 
i-Pr 1° 12.517 24.907 
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Figure 2.55 1H NMR of crude reaction of tetrahydrolinalool benzoate with 3.  
 
 
Figure 2.56 Chromatograph of tetrahydrolinalool benzoate functionalizations.  
. 
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GC assignments supported by 1H NMR spectrum analysis. 
 
Product assignments for tetrahydrolinalool benzoate were determined using multiple 1D and 2D 
NMR experiments including 1H, 13C, DEPT 135, HMQC, and TOCSY. The peaks at 3.4 and 3.5 
ppm in the 1H NMR were determined to be diastereotopic protons because both protons correlate 
to a single carbon peak at 51.1 ppm in the HMQC. Using DEPT 135, it can be determined that the 
carbon peak at 51.1 ppm corresponds to a methylene carbon signal which is in agreement with a 
primary functionalization. Based on the TOCSY, those protons are in a spin system with more than 
two other proton signals, therefore the peaks at 3.4 and 3.5 ppm must correspond to 
functionalization on the iso-propyl methyl groups of the molecule. The peak at 3.6 ppm in the 1H 
NMR correlates with a single carbon peak at 39.8 ppm in the HMQC. Using DEPT 135, it can be 
determined that the carbon peak at 39.8 ppm corresponds to a methylene carbon signal which is in 
agreement with a primary functionalization. Based on the TOCSY, those protons are in the spin 
system with only two other proton signals, therefore the peak at 3.6 ppm must correspond to 
functionalization on the ethyl methyl group. Secondary product tentatively assigned based on steric 
considerations. 
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Figure 2.57 1H NMR spectra of tetrahydrolinalool benzoate functionalization with 3 after 
isolation. 
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Figure 2.58 13C NMR spectra of tetrahydrolinalool benzoate functionalization with 3 after 
isolation. 
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Figure 2.59 DEPT 135 spectra of tetrahydrolinalool benzoate functionalization with 3 after 
isolation. 
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Figure 2.60 HMQC spectra of tetrahydrolinalool benzoate functionalization with 3 after 
isolation. 
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Figure 2.61 TOCSY spectra of tetrahydrolinalool benzoate functionalization with 3 after 
isolation. 
 
 
 
Reaction with trans-decalin: Prepared according to General Procedure A with 1 equiv of 
bromoamide on 0.144 mmol scale using bromoamide 28 and trans-decalin giving 49% NMR yield. 
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Figure 2.62 1H NMR of crude reaction of trans-decalin with 28. 
 
 
Reaction with trans-decalin: Prepared according to General Procedure B with 5 equiv of substrate 
on 0.144 mmol scale using bromoamide 28 and trans-decalin giving 51% NMR yield. 
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Figure 2.63 1H NMR of crude reaction of trans-decalin with 28. 
 
 
Reaction with trans-decalin: Prepared according to General Procedure C on 0.144 mmol scale 
using xanthylamide 31 and trans-decalin giving 76% NMR yield. 
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Figure 2.64 1H NMR of crude reaction of trans-decalin with 31. 
 
 
2.7.6 X-Ray Crystallography Data 
X-ray Structure Determination: Single crystals suitable for structure analysis were selected 
from the bulk and mounted on a MiTeGen mounts. Data were collected on a Bruker-Nonius X8 
Kappa ApexII diffractometer by  and  scans using MoK radiation( = 0.71073 Å). Specimen 
temperature was controlled using a Oxford Cryosystems Cryostream 700. Corrections for Lorentz 
and polarization effects, and absorption were made using SADABS.73 The structure was solved 
using direct methods, and refined using full-matrix least squares (on F2) using the SHELX74 
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software package. All non-hydrogen atoms were refined anisotropically. H atoms were added at 
calculated positions, with coordinates and Uiso values allowed to ride on the parent atom. 
 
Figure 2.65 Thermal ellipsoid plot for 6, 50% probability level. Selected H atoms removed 
for clarity. 
 
 
 
A colorless block-like specimen of C13H12ClF6NO, approximate dimensions 0.332 mm 
x 0.397 mm x 0.497 mm, was used for the X-ray crystallographic analysis. The X-ray intensity 
data were measured. 
The total exposure time was 2.73 hours. The frames were integrated with the Bruker 
SAINT software package using a narrow-frame algorithm. The integration of the data using 
a monoclinic unit cell yielded a total of 54325 reflections to a maximum θ angle of 36.45° (0.60 Å 
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resolution), of which 6844 were independent (average redundancy 7.938, completeness = 99.8%, 
Rint = 2.44%, Rsig = 1.56%) and 5844 (85.39%) were greater than 2σ(F2). The final cell constants 
of a = 7.6263(6) Å, b = 16.9562(13) Å, c = 10.8430(9) Å, β = 92.648(4)°, volume 
= 1400.64(19) Å3, are based upon the refinement of the XYZ-centroids of 328 reflections above 
20 σ(I) with 7.898° < 2θ < 67.20°. Data were corrected for absorption effects using the Multi-Scan 
method (SADABS). The ratio of minimum to maximum apparent transmission was 0.954. The 
calculated minimum and maximum transmission coefficients (based on crystal size) 
are 0.8490 and 0.8950.  
The final anisotropic full-matrix least-squares refinement on F2 with 202 variables 
converged at R1 = 3.12%, for the observed data and wR2 = 8.87% for all data. The goodness-of-
fit was 1.028. The largest peak in the final difference electron density synthesis was 0.661 e-
/Å3 and the largest hole was -0.371 e-/Å3 with an RMS deviation of 0.059 e-/Å3. On the basis of 
the final model, the calculated density was 1.649 g/cm3 and F(000), 704 e-.  
 
Table 2.35 Sample and crystal data for 6. 
Identification code CCDC 1553660 
Chemical formula C13H12ClF6NO 
Formula weight 347.69 g/mol 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal size 0.332 x 0.397 x 0.497 mm 
Crystal habit colorless block 
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Crystal system monoclinic 
Space group P21/c 
Unit cell dimensions a = 7.6263(6) Å α = 90° 
 b = 16.9562(13) Å β = 92.648(4)° 
 c = 10.8430(9) Å γ = 90° 
Volume 1400.64(19) Å3  
Z 4 
Density (calculated) 1.649 g/cm3 
Absorption coefficient 0.342 mm-1 
F(000) 704 
 
Table 2.36 Data collection and structure refinement for 6. 
Theta range for data 
collection 
2.23 to 36.45° 
Index ranges -12<=h<=12, -28<=k<=28, -13<=l<=18 
Reflections collected 54325 
Independent reflections 6844 [R(int) = 0.0244] 
Coverage of independent 
reflections 
99.8% 
Absorption correction Multi-Scan 
Max. and min. transmission 0.8950 and 0.8490 
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Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014/7 (Sheldrick, 2014) 
Function minimized Σ w(Fo2 - Fc2)2 
Data / restraints / 
parameters 
6844 / 0 / 202 
Goodness-of-fit on F2 1.028 
Δ/σmax 0.001 
Final R indices 
5844 data; 
I>2σ(I) 
R1 = 0.0312, wR2 = 
0.0840 
 all data 
R1 = 0.0385, wR2 = 
0.0887 
Weighting scheme 
w=1/[σ2(Fo2)+(0.0456P)2+0.3763P] 
where P=(Fo
2+2Fc
2)/3 
Largest diff. peak and hole 0.661 and -0.371 eÅ-3 
R.M.S. deviation from 
mean 
0.059 eÅ-3 
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Table 2.37 Atomic coordinates and equivalent isotropic atomic displacement parameters 
(Å2) for 6. 
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 x/a y/b z/c U(eq) 
Cl1 0.06334(2) 0.59161(2) 0.95250(2) 0.01827(5) 
F1 0.97171(9) 0.72173(3) 0.54611(6) 0.03143(13) 
F2 0.97412(8) 0.72702(3) 0.74377(6) 0.03009(14) 
F3 0.72916(7) 0.72001(3) 0.63829(7) 0.02915(13) 
F4 0.21895(8) 0.36524(3) 0.68055(6) 0.02891(13) 
F5 0.21523(8) 0.42495(4) 0.85526(6) 0.03280(14) 
F6 0.36569(6) 0.47131(3) 0.70980(6) 0.02299(11) 
O1 0.31277(7) 0.63976(3) 0.66938(5) 0.01546(10) 
N1 0.23834(7) 0.61603(4) 0.86725(5) 0.01186(9) 
C1 0.05252(8) 0.56541(4) 0.69423(6) 0.01134(10) 
C2 0.90119(9) 0.60461(4) 0.64902(6) 0.01304(11) 
C3 0.75549(9) 0.56257(5) 0.60255(7) 0.01657(12) 
C4 0.75996(10) 0.48099(5) 0.59826(8) 0.01837(13) 
C5 0.91063(10) 0.44129(4) 0.63964(7) 0.01688(12) 
C6 0.05571(9) 0.48298(4) 0.68721(6) 0.01276(11) 
C7 0.21230(8) 0.61148(4) 0.74185(6) 0.01134(10) 
C8 0.89419(10) 0.69327(4) 0.64503(8) 0.01766(13) 
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 x/a y/b z/c U(eq) 
C9 0.21378(10) 0.43636(4) 0.73311(7) 0.01593(12) 
C10 0.38949(8) 0.66004(4) 0.93100(6) 0.01218(10) 
C11 0.55951(10) 0.62246(6) 0.88981(8) 0.02160(15) 
C12 0.38191(10) 0.65082(5) 0.07056(7) 0.01736(12) 
C13 0.37696(12) 0.74717(5) 0.89683(8) 0.02183(15) 
 
Table 2.38 Bond lengths (Å) for 6. 
 
Cl1-N1 1.7091(6) F1-C8 1.3384(10) 
F2-C8 1.3361(10) F3-C8 1.3366(9) 
F4-C9 1.3351(9) F5-C9 1.3381(10) 
F6-C9 1.3358(9) O1-C7 1.2207(8) 
N1-C7 1.3673(9) N1-C10 1.5132(9) 
C1-C6 1.4001(10) C1-C2 1.4006(9) 
C1-C7 1.5177(9) C2-C3 1.3946(10) 
C2-C8 1.5048(11) C3-C4 1.3847(12) 
C3-H3 0.95 C4-C5 1.3882(11) 
C4-H4 0.95 C5-C6 1.3918(10) 
C5-H5 0.95 C6-C9 1.5068(10) 
C10-C13 1.5250(11) C10-C12 1.5251(10) 
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C10-C11 1.5298(10) C11-H11A 0.98 
C11-H11B 0.98 C11-H11C 0.98 
C12-H12A 0.98 C12-H12B 0.98 
C12-H12C 0.98 C13-H13A 0.98 
C13-H13B 0.98 C13-H13C 0.98 
 
Table 2.39 Bond angles (°) for 6.  
C7-N1-C10 123.69(5) C7-N1-Cl1 116.30(5) 
C10-N1-Cl1 118.03(4) C6-C1-C2 118.09(6) 
C6-C1-C7 121.11(6) C2-C1-C7 120.69(6) 
C3-C2-C1 120.91(7) C3-C2-C8 118.27(6) 
C1-C2-C8 120.78(6) C4-C3-C2 120.16(7) 
C4-C3-H3 119.9 C2-C3-H3 119.9 
C3-C4-C5 119.66(7) C3-C4-H4 120.2 
C5-C4-H4 120.2 C4-C5-C6 120.36(7) 
C4-C5-H5 119.8 C6-C5-H5 119.8 
C5-C6-C1 120.78(6) C5-C6-C9 117.78(6) 
C1-C6-C9 121.43(6) O1-C7-N1 123.46(6) 
O1-C7-C1 120.08(6) N1-C7-C1 116.41(6) 
F2-C8-F3 106.99(7) F2-C8-F1 106.60(7) 
F3-C8-F1 106.47(7) F2-C8-C2 113.00(6) 
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  F3-C8-C2 111.87(6) F1-C8-C2 111.52(6) 
F4-C9-F6 106.08(6) F4-C9-F5 107.03(7) 
F6-C9-F5 106.49(7) F4-C9-C6 111.83(6) 
F6-C9-C6 113.10(6) F5-C9-C6 111.88(6) 
N1-C10-C13 109.20(6) N1-C10-C12 109.86(5) 
C13-C10-C12 109.60(6) N1-C10-C11 107.42(6) 
C13-C10-C11 112.15(7) C12-C10-C11 108.57(6) 
C10-C11-H11A 109.5 C10-C11-H11B 109.5 
H11A-C11-H11B 109.5 C10-C11-H11C 109.5 
H11A-C11-H11C 109.5 H11B-C11-H11C 109.5 
C10-C12-H12A 109.5 C10-C12-H12B 109.5 
H12A-C12-H12B 109.5 C10-C12-H12C 109.5 
H12A-C12-H12C 109.5 H12B-C12-H12C 109.5 
C10-C13-H13A 109.5 C10-C13-H13B 109.5 
H13A-C13-H13B 109.5 C10-C13-H13C 109.5 
H13A-C13-H13C 109.5 H13B-C13-H13C 109.5 
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Table 2.40 Torsion angles (°) for 6. 
 
C6-C1-C2-C3 2.32(10) C7-C1-C2-C3 178.52(6) 
C6-C1-C2-C8 -175.39(6) C7-C1-C2-C8 0.80(10) 
C1-C2-C3-C4 -1.29(11) C8-C2-C3-C4 176.49(7) 
C2-C3-C4-C5 -0.45(12) C3-C4-C5-C6 1.08(12) 
C4-C5-C6-C1 0.01(11) C4-C5-C6-C9 178.71(7) 
C2-C1-C6-C5 -1.68(10) C7-C1-C6-C5 -177.86(6) 
C2-C1-C6-C9 179.66(6) C7-C1-C6-C9 3.48(10) 
C10-N1-C7-O1 3.17(11) Cl1-N1-C7-O1 166.78(6) 
C10-N1-C7-C1 -179.43(6) Cl1-N1-C7-C1 -15.82(8) 
C6-C1-C7-O1 96.61(8) C2-C1-C7-O1 -79.47(9) 
C6-C1-C7-N1 -80.89(8) C2-C1-C7-N1 103.03(8) 
C3-C2-C8-F2 143.28(7) C1-C2-C8-F2 -38.94(10) 
C3-C2-C8-F3 22.46(10) C1-C2-C8-F3 -159.76(7) 
C3-C2-C8-F1 -96.66(8) C1-C2-C8-F1 81.11(9) 
C5-C6-C9-F4 23.78(9) C1-C6-C9-F4 -157.53(7) 
C5-C6-C9-F6 143.47(7) C1-C6-C9-F6 -37.83(9) 
C5-C6-C9-F5 -96.28(8) C1-C6-C9-F5 82.42(9) 
C7-N1-C10-C13 61.59(8) Cl1-N1-C10-C13 -101.76(6) 
C7-N1-C10-C12 -178.18(6) Cl1-N1-C10-C12 18.47(7) 
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C7-N1-C10-C11 -60.26(9) Cl1-N1-C10-C11 136.40(6) 
 
Table 2.41 Anisotropic atomic displacement parameters (Å2) for 6. 
The anisotropic atomic displacement factor exponent takes the form: -2π2[ h2 a*2 U11 + ... + 2 
h k a* b* U12 ] 
 U11 U22 U33 U23 U13 U12 
Cl1 0.01438(7) 0.02799(9) 0.01277(7) -0.00244(6) 0.00409(5) -0.00741(6) 
F1 0.0404(3) 0.0202(2) 0.0343(3) 0.0060(2) 0.0092(3) -0.0040(2) 
F2 0.0355(3) 0.0187(2) 0.0343(3) -0.0115(2) -0.0166(2) 0.0090(2) 
F3 0.0180(2) 0.0226(2) 0.0462(4) 0.0018(2) -0.0056(2) 0.00855(19) 
F4 0.0297(3) 0.0124(2) 0.0441(4) -0.0029(2) -0.0035(2) 0.00419(19) 
F5 0.0289(3) 0.0510(4) 0.0187(2) 0.0131(2) 0.0036(2) 0.0169(3) 
F6 0.01256(19) 0.0192(2) 0.0374(3) 0.00244(19) 0.00307(19) 0.00164(16) 
O1 0.0149(2) 0.0193(2) 0.0123(2) 0.00171(17) 0.00170(17) -0.00409(17) 
N1 0.0098(2) 0.0158(2) 0.0100(2) -0.00017(18) 0.00111(17) -0.00287(17) 
C1 0.0103(2) 0.0130(2) 0.0108(2) -0.00089(19) -0.00009(19) -0.00098(19) 
C2 0.0113(2) 0.0152(3) 0.0125(3) -0.0016(2) -0.00074(19) 0.0009(2) 
C3 0.0116(3) 0.0229(3) 0.0150(3) -0.0035(2) -0.0014(2) -0.0003(2) 
C4 0.0137(3) 0.0226(3) 0.0187(3) -0.0057(2) -0.0007(2) -0.0047(2) 
C5 0.0163(3) 0.0159(3) 0.0185(3) -0.0036(2) 0.0019(2) -0.0046(2) 
C6 0.0120(2) 0.0131(2) 0.0132(3) -0.0004(2) 0.0014(2) -0.00087(19) 
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 U11 U22 U33 U23 U13 U12 
C7 0.0107(2) 0.0123(2) 0.0109(2) -0.00007(19) -0.00061(18) -0.00033(19) 
C8 0.0151(3) 0.0168(3) 0.0207(3) -0.0013(2) -0.0033(2) 0.0029(2) 
C9 0.0158(3) 0.0151(3) 0.0171(3) 0.0016(2) 0.0019(2) 0.0012(2) 
C10 0.0105(2) 0.0142(2) 0.0117(2) -0.0008(2) -0.00099(19) -0.00145(19) 
C11 0.0111(3) 0.0341(4) 0.0194(3) -0.0063(3) -0.0006(2) 0.0024(3) 
C12 0.0171(3) 0.0234(3) 0.0113(3) -0.0010(2) -0.0017(2) -0.0021(2) 
C13 0.0275(4) 0.0147(3) 0.0226(4) 0.0022(3) -0.0063(3) -0.0054(3) 
 
 
Table 2.42 Hydrogen atomic coordinates and isotropic atomic displacement parameters 
(Å2) for 6. 
 x/a y/b z/c U(eq) 
H3 -0.3471 0.5900 0.5738 0.02 
H4 -0.3396 0.4523 0.5671 0.022 
H5 -0.0853 0.3854 0.6355 0.02 
H11A 0.5638 0.5671 0.9156 0.032 
H11B 0.6604 0.6507 0.9278 0.032 
H11C 0.5633 0.6256 0.7997 0.032 
H12A 0.2768 0.6772 1.0989 0.026 
H12B 0.4866 0.6747 1.1109 0.026 
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 x/a y/b z/c U(eq) 
H12C 0.3775 0.5947 1.0916 0.026 
H13A 0.3851 0.7531 0.8074 0.033 
H13B 0.4732 0.7761 0.9393 0.033 
H13C 0.2644 0.7683 0.9219 0.033 
 
2.7.7 Computational Data 
 Methods. All the calculations were carried out using the Gaussian16 program package at 
the CINECA (Italy) Supercomputer center. In our investigation, all of the stationary points have 
been initially optimized having recourse to density functional theory (DFT), viz. adopting the 
ωB97XD functional with an unrestricted (U) formalism when systems containing an unpaired 
number of electrons were considered, and the standard 6-31G(d,p) basis set in the gas phase. To 
confirm the nature of stationary points, vibrational frequencies have been calculated for all of the 
optimized structures at the same level of theory as geometry optimizations, and it was verified that 
local minima had only real frequencies, while transition states (TS) were identified by the presence 
of a single imaginary frequency corresponding to the expected motion along the reaction 
coordinate. 
 For each substrate, reagent, intermediate (amidyl radicals) or reacting situation, a systematic 
investigation on all of the possible conformations has been carried out. However, only the most 
stable conformation has been reported and has been considered for further work. For the particular 
case of trans-decalin, the activation of both axial and equatorial C-H positions has been 
considered, but also in this case only the most stable TS has been further considered. 
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 The solvent effect was included by single-point calculations on the optimized geometries 
obtained in the gas phase at the UωB97XD/6-31G(d,p) level of theory in dichloromethane bulk, 
by maintaining the default solvent options. The SMD model has been used, since this is the 
recommended choice for determining solvation energies. Spin densities plots have been 
determined via the “cubegen” command. 
 The work has been devoted to clarify two different aspects. The first one is related to the 
properties of amidyl radicals 3' and 6', arising from 3 and 6, respectively. The second aspect is 
their capability to promote H-abstraction processes from the different positions of the chosen 
substrates. The following strategy for each reacting situation, the most stable TS describing the 
hydrogen transfer event has been located and fully analyzed. The detailed characterization of TSs 
has been performed via the IRC method at the same level of theory as the optimizations 
(UωB97XD/6-31G(d,p)) by describing (up to) 70 points in each direction (70 points in the forward 
and 70 points in the reverse direction). Indeed, to have a more reliable estimate of the energy 
barriers and changes involved in the processes described by TSs, the first and last points of the 
IRC have been fully re-optimized at the UωB97XD/6-31G(d,p) level of theory, then solvent effect 
was included as described above. The thermodynamic parameters reported in the text (see Table 
2.2), viz. ΔG and ΔG‡ values, have thus been determined according to the following equations: 
 
ΔG = G (optimized IRC end-point) - G (optimized IRC start-point) 
ΔG‡ = G (TS) - G (optimized IRC start-point) 
 
Where the required Gibbs free energy (G) values were calculated via: 
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G = Electronic energy at the SMD(CH2Cl2)-UωB97XD/6-31G(d,p) level of theory + thermal 
correction to Gibbs Free Energy at the UωB97XD/6-31G(d,p) level of theory 
 We also speculated whether the observed energy barriers and changes could be affected by 
the preliminary formation of complexes between amidyl radicals and substrates or of complexes 
between the resulting amides and alkyl radicals. This was not the case, however, since all the 
analyzed reacting situations did not evidence the formation of stabilized complexes (data not 
reported). Accordingly, we can safely assume that the reported IRC start-point, TS and end-point 
offer a realistic scenario. 
 
Table 2.43 Calculated parameters for the TSs describing the processes reported in Table 2.2. 
 
Gibbs Free Energy (G) at the 
SMD(CH2Cl2)-UB97XD/6-31G(d,p) level 
of theory, [Hartree] 
G‡ 
[kcal·mol-1] 
(see Table 
2.2) 
G 
[kcal·mol-1] 
(see Table 
2.2) 
IRC 
start-point 
TS 
IRC 
end-point 
trans decalina 
3' – distal 
position 
(AX) 
-1622.731866 -1622.713051 -1622.745352 11.81 -8.46 
3' – 
proximal 
position 
(EQ) 
-1622.732383 -1622.717933 -1622.747068 9.07 -9.21 
6' – distal 
position 
(AX) 
-1622.716965 -1622.701724 -1622.738474 9.56 -13.50 
6' – 
proximal 
position 
(EQ) 
-1622.718245 -1622.703230 -1622.737301 9.42 -11.96 
10 (3-methylpentane) 
3' – primary 
position 
-1467.979542 -1467.958001 -1467.988851 13.52 -5.84 
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3' – 
secondary 
position 
-1467.979603 -1467.963601 -1467.996299 10.04 -10.48 
6' – primary 
position 
-1467.965036 -1467.951132 -1467.981038 8.72 -10.04 
6' – 
secondary 
position 
-1467.964620 -1467.948442 -1467.986756 10.15 -13.89 
3-pentyl acetate 
3' – primary 
position 
-1656.484293 -1656.464444 -1656.494305 12.46 -6.28 
3' – 
secondary 
position 
-1656.485481 -1656.467088 -1656.498583 11.54 -8.22 
6' – primary 
position 
-1656.472800 -1656.456262 -1656.488058 10.38 -9.57 
6' – 
secondary 
position 
-1656.472584 -1656.454679 -1656.492162 11.24 -12.29 
 
a For each reacting situation, it has been indicated whether the most stable transition state 
followed an axial (AX) or an equatorial (EQ) trajectory. 
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Table 2.44 Terms adopted to calculate the Gibbs Free Energy (G) values reported in Table 
2.43. 
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(S
M
D
) 
trans decalin 
3' – distal 
position 
(AX) 
-1623.156804 0.443080 -1623.174946 -1623.136367 0.442537 -1623.155588 -1623.168931 0.444212 -1623.189564 
3' – 
proximal 
position 
(EQ) 
-1623.15776 0.443956 -1623.176339 -1623.140187 0.441619 -1623.159552 -1623.169699 0.442927 -1623.189995 
6' – distal 
position 
(AX) 
-1623.143282 0.446199 -1623.163164 -1623.125341 0.444509 -1623.146233 -1623.160891 0.444401 -1623.182875 
6' – 
proximal 
position 
(EQ) 
-1623.143817 0.445883 -1623.164128 -1623.125369 0.443616 -1623.146846 -1623.161337 0.446095 -1623.183396 
7 (3-methylpentane) 
3' – primary 
position 
-1468.330618 0.366667 -1468.346209 -1468.308053 0.366327 -1468.324328 -1468.339369 0.367905 -1468.356756 
3' – 
secondary 
position 
-1468.331553 0.367063 -1468.346666 -1468.314672 0.366867 -1468.330468 -1468.345177 0.365988 -1468.362287 
6' – primary 
position 
-1468.316427 0.368418 -1468.333454 -1468.298866 0.366244 -1468.317376 -1468.329877 0.368157 -1468.349195 
6' – 
secondary 
position 
-1468.319293 0.371605 -1468.336225 -1468.300925 0.370287 -1468.318729 -1468.338373 0.370179 -1468.356935 
3-pentyl acetate 
3' – primary 
position 
-1656.841157 0.376989 -1656.861282 -1656.81976 0.376332 -1656.840776 -1656.846903 0.375203 -1656.869508 
3' – 
secondary 
position 
-1656.846039 0.379068 -1656.864549 -1656.826494 0.378530 -1656.845618 -1656.857405 0.379341 -1656.877924 
6' – primary 
position 
-1656.832678 0.380425 -1656.853225 -1656.810892 0.377450 -1656.833712 -1656.845413 0.380421 -1656.868479 
6' – 
secondary 
position 
-1656.834164 0.381144 -1656.853728 -1656.812313 0.378466 -1656.833145 -1656.850248 0.379685 -1656.871847 
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Table 2.45 DFT raw data.  
Amidyl radical 3' 
C                 -2.17204741    0.41760276    0.09220282 
C                 -1.12909298    1.32595625   -0.04739944 
C                  0.17185288    0.87881366   -0.25196987 
C                  0.42926540   -0.48868045   -0.31375714 
C                 -0.61222373   -1.40416619   -0.17576940 
C                 -1.90769631   -0.94768891    0.02630754 
C                  1.81800812   -1.01756875   -0.48857299 
O                  2.04525330   -2.20943105   -0.64589740 
C                  4.04927725   -0.20211072    0.18923961 
C                  4.62443259    1.21068788    0.35339782 
H                  3.96644453    1.82803084    0.97207963 
H                  5.60323754    1.16148712    0.83912065 
N                  2.80643930   -0.05814384   -0.55225259 
H                 -3.18241620    0.76960299    0.26314191 
H                  4.73754580    1.69404371   -0.62005449 
C                  3.86411497   -0.87324565    1.55764339 
H                  3.16681752   -0.29932803    2.17640352 
H                  4.82303555   -0.91533479    2.08139555 
H                  3.48587443   -1.89180134    1.45057600 
C                  4.98779965   -1.04681680   -0.70506842 
H                  5.96808948   -1.10574701   -0.22199254 
H                  5.10623321   -0.57949504   -1.68558260 
H                  4.58397127   -2.05149005   -0.83584983 
H                  0.98633714    1.58557441   -0.36695004 
H                 -0.38781390   -2.46402415   -0.22106699 
C                 -1.41315698    2.80554652   -0.03296454 
C                 -3.04441936   -1.93244978    0.12555897 
F                 -0.39015359    3.49764483    0.49359809 
F                 -2.51152319    3.09348983    0.68209369 
F                 -1.61136618    3.27579251   -1.27512249 
F                 -4.04405961   -1.45709621    0.88560573 
F                 -2.64505134   -3.09683031    0.65730594 
F                 -3.56019523   -2.20237201   -1.08474357 
 
Amidyl radical 6' 
C                 -0.93661300   -3.03073000   -1.08559400 
C                  0.37576100   -2.79906200   -0.70819800 
C                  0.72757800   -1.61945000   -0.05511700 
C                 -0.24483600   -0.64831100    0.23321700 
C                 -1.57500000   -0.90395100   -0.14317300 
C                 -1.90923700   -2.08476600   -0.79939300 
H                  1.13849300   -3.54050200   -0.90904800 
H                 -2.93764600   -2.25760900   -1.08931600 
C                  0.09380100    0.65179700    0.94540900 
O                 -0.47883400    1.00388400    1.95633800 
C                  1.04639300    2.44784700   -0.50557400 
C                  0.14037500    3.53656900    0.09622300 
H                 -0.87446700    3.17097600    0.25579500 
H                  0.10598000    4.38645400   -0.59171300 
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N                  1.16382300    1.33212800    0.41708200 
C                 -2.70623900    0.06607800    0.14709000 
C                  2.18912500   -1.45890300    0.32513900 
H                 -1.20330700   -3.94909200   -1.59613400 
F                 -2.38169700    1.33436500   -0.17457100 
F                 -3.79438300   -0.23723000   -0.58501000 
F                 -3.07860400    0.04696500    1.42563600 
F                  2.81352700   -2.65176200    0.32519300 
F                  2.34474800   -0.94184800    1.54657800 
F                  2.84959000   -0.68626100   -0.55339500 
H                  0.53735700    3.87831400    1.05482800 
C                  0.46013600    1.92373900   -1.83299500 
H                 -0.57475300    1.60049500   -1.70772600 
H                  0.48469600    2.72602200   -2.57577900 
H                  1.05409800    1.08562200   -2.20773700 
C                  2.46115700    2.98687100   -0.73353100 
H                  2.44349300    3.81862000   -1.44407800 
H                  2.88943900    3.34160500    0.20741600 
H                  3.10749600    2.19871200   -1.12768200 
 
Reaction between 3' and trans decalin – distal position 
TS 
C                  2.02024326   -0.93789473    1.05195247 
C                  1.02090013   -0.29715253    1.77787531 
C                 -0.31699395   -0.48171170    1.45038128 
C                 -0.66278089   -1.32948107    0.39992643 
C                  0.33038624   -1.99918626   -0.30738840 
C                  1.66826332   -1.78122110    0.00437961 
C                 -2.09883797   -1.56047326    0.02718741 
O                 -2.45242092   -2.66261347   -0.37795834 
C                 -4.37051118   -0.57543131    0.02835305 
C                 -4.92990521   -1.62047914    1.01470838 
H                 -4.55271912   -2.61680526    0.78344765 
H                 -6.02184230   -1.63012022    0.94388134 
N                 -2.92016409   -0.48720716    0.27504810 
H                 -2.37819708    0.59764675   -0.40188422 
C                  0.41510013    1.32734764   -1.56388440 
C                  1.51562126    1.01900439   -2.58237434 
H                  1.43383933   -0.02514077   -2.90555808 
H                  1.36355325    1.64201519   -3.47597759 
C                 -0.97393794    1.06800439   -2.15284743 
H                 -1.06215493    1.63713417   -3.09243265 
H                 -1.07640088    0.01246123   -2.43574916 
C                  0.53245304    2.75324790   -1.00463275 
H                  0.37458303    3.45915372   -1.83804501 
H                  3.06353732   -0.76598160    1.28720048 
H                 -4.65286924   -1.36224183    2.04070840 
C                 -4.73415913   -0.96435275   -1.41205697 
H                 -4.33635012   -0.24128987   -2.13000220 
H                 -4.33957005   -1.95076287   -1.65599770 
H                 -5.82259119   -0.98094284   -1.52514201 
C                 -4.97411731    0.78906985    0.38502668 
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H                 -6.06582339    0.72844379    0.36302265 
H                 -4.66232834    1.09394617    1.38800667 
H                 -4.67303930    1.56700073   -0.32115157 
C                 -0.55679309    2.99703415    0.04343822 
H                 -0.40334708    2.30949434    0.88379448 
H                 -0.46392915    4.00948534    0.45275198 
C                 -2.13395308    1.48782860   -1.26737852 
H                 -3.07483412    1.46102440   -1.82340559 
C                  2.91067633    1.28249864   -2.01311832 
H                  3.11167935    0.56906782   -1.20426206 
H                  3.67053443    1.10286845   -2.78082130 
C                  1.93391011    2.99564614   -0.43649771 
H                  2.08072212    2.34757635    0.43816653 
H                  2.01241305    4.02771932   -0.07490497 
C                  3.02709324    2.70721990   -1.46723667 
H                  2.93680523    3.42052972   -2.29796893 
H                  4.01576628    2.86474108   -1.02331864 
C                 -1.95747016    2.80837290   -0.53737182 
H                 -2.72133625    2.91541009    0.24016418 
H                 -2.14771219    3.61080975   -1.26683510 
H                 -1.09977505    0.03577044    1.99213715 
H                  0.04506729   -2.66660555   -1.11342629 
C                  1.39828207    0.57760187    2.94267817 
C                  2.73081646   -2.47921031   -0.80239121 
F                  1.53668207   -0.13517586    4.07146045 
F                  2.56727513    1.20703092    2.72816603 
F                  0.46997694    1.51960196    3.17949689 
F                  2.81273852   -3.78121031   -0.48954884 
F                  2.46657949   -2.40691968   -2.11897635 
F                  3.94463351   -1.94035916   -0.60462930 
H                  0.56015014    0.65454583   -0.71415915 
 
IRC start-point 
C                  1.70308649   -1.12757979    1.16201274 
C                  0.69670005   -0.42844857    1.82272915 
C                 -0.62946985   -0.55834125    1.42992575 
C                 -0.95217210   -1.38818475    0.35617498 
C                  0.05067870   -2.08349566   -0.31265820 
C                  1.37373264   -1.95143086    0.09258789 
C                 -2.36322448   -1.57227335   -0.10765678 
O                 -2.67217921   -2.49066655   -0.85999684 
C                 -4.50894347   -0.34794402   -0.21061947 
C                 -5.52455349   -1.47422405    0.10917944 
H                 -5.21013421   -2.41007100   -0.35491645 
H                 -6.50097468   -1.18147613   -0.28877090 
N                 -3.28411901   -0.72949907    0.46851528 
H                 -1.74982652    1.59787953   -0.04536673 
C                  0.72281378    1.45600518   -1.44584911 
C                  1.62633603    0.79979062   -2.49343380 
H                  1.23590372   -0.19265826   -2.74763342 
H                  1.59462187    1.39786684   -3.41579361 
C                 -0.71902957    1.60052521   -1.94164856 
H                 -0.71888351    2.19973888   -2.86357413 
H                 -1.11561732    0.61295668   -2.21271574 
 159 
C                  1.28797499    2.81079682   -0.98471184 
H                  1.29468238    3.48061147   -1.86153123 
H                  2.73683528   -1.01533018    1.46559187 
H                 -5.61407149   -1.61899200    1.18848044 
C                 -4.37242153   -0.17343522   -1.72953609 
H                 -3.61116705    0.57488584   -1.96543474 
H                 -4.10418974   -1.11256593   -2.21405933 
H                 -5.32457116    0.17322030   -2.14103011 
C                 -4.97834584    0.95795685    0.44673217 
H                 -5.95062785    1.24993758    0.03968779 
H                 -5.07246888    0.83073537    1.52808160 
H                 -4.26796143    1.76602101    0.25393244 
C                  0.38453339    3.43835311    0.07997207 
H                  0.38635689    2.79938501    0.97359926 
H                  0.79218676    4.40797025    0.38947282 
C                 -1.62533723    2.27047013   -0.90606322 
H                 -2.62456027    2.43025218   -1.32716915 
C                  3.07594703    0.68397203   -2.01762512 
H                  3.12712459   -0.01145438   -1.17209542 
H                  3.69971572    0.25501015   -2.80876992 
C                  2.73149959    2.66197340   -0.49715608 
H                  2.73753130    2.02998069    0.40217200 
H                  3.12218050    3.64041573   -0.19320107 
C                  3.62809785    2.03714022   -1.56712191 
H                  3.68377270    2.71403277   -2.43064718 
H                  4.65001978    1.92331831   -1.18951706 
C                 -1.04951397    3.60325547   -0.42338987 
H                 -1.68504630    4.02673567    0.36200666 
H                 -1.05765857    4.31915451   -1.25653989 
H                 -1.41612385   -0.02176579    1.94712395 
H                 -0.22084277   -2.72451054   -1.14456862 
C                  1.05290424    0.44301094    2.99739800 
C                  2.43456311   -2.73989810   -0.63040602 
F                  1.10148913   -0.26224196    4.13852855 
F                  2.25728916    1.01733247    2.83666826 
F                  0.15536445    1.42630639    3.17566521 
F                  2.32320060   -4.05254227   -0.37392767 
F                  2.33090761   -2.59002205   -1.96160366 
F                  3.67237581   -2.36342441   -0.27395130 
H                  0.70928179    0.80390152   -0.56187762 
 
IRC end-point 
C                  1.82271348   -1.09193435    1.09754218 
C                  0.84464757   -0.40239322    1.80691670 
C                 -0.49519466   -0.51224484    1.45239746 
C                 -0.86657145   -1.31871748    0.37743518 
C                  0.10741968   -2.02339160   -0.32253762 
C                  1.44656832   -1.89822802    0.03023637 
C                 -2.30163277   -1.50279278   -0.04826512 
O                 -2.65596433   -2.55155820   -0.56953726 
C                 -4.54787714   -0.39508244   -0.13093053 
C                 -5.28510258   -1.55548588    0.54794056 
H                 -4.92358840   -2.51487218    0.17728567 
H                 -6.35698687   -1.47752920    0.34277303 
 160 
N                 -3.11538174   -0.44739792    0.21580627 
H                 -2.65309496    0.45071173    0.30818059 
C                  0.64532867    1.43176851   -1.48785409 
C                  1.61640511    0.87930483   -2.53437849 
H                  1.30386715   -0.12886273   -2.82942500 
H                  1.56185385    1.50535401   -3.43700621 
C                 -0.79147702    1.47500767   -2.02540161 
H                 -0.77487199    1.98256737   -3.00884065 
H                 -1.14909375    0.45704770   -2.23056646 
C                  1.08960283    2.80760578   -0.96478244 
H                  1.04907875    3.51832258   -1.80800992 
H                  2.86744991   -0.99108398    1.36499621 
H                 -5.13738358   -1.51764596    1.63127328 
C                 -4.72949492   -0.45583476   -1.65378111 
H                 -4.21195934    0.37777089   -2.13957119 
H                 -4.32656657   -1.39267430   -2.04303853 
H                 -5.79130571   -0.39565683   -1.91144848 
C                 -5.07736819    0.93253442    0.42019693 
H                 -6.14514071    1.02468936    0.20592993 
H                 -4.93898483    0.98539491    1.50451105 
H                 -4.57078949    1.78991531   -0.03561812 
C                  0.12918570    3.29762268    0.12197465 
H                  0.15686311    2.59407035    0.96352941 
H                  0.46479737    4.26504607    0.51242433 
C                 -1.75028817    2.19505693   -1.13407689 
H                 -2.80981227    2.10091640   -1.36619555 
C                  3.05924674    0.85337103   -2.02778658 
H                  3.14457227    0.13375593   -1.20522490 
H                  3.72922191    0.49997547   -2.81842405 
C                  2.53406284    2.75407112   -0.45814910 
H                  2.57481424    2.09855907    0.42290731 
H                  2.84331833    3.75002726   -0.11956531 
C                  3.49590042    2.23063431   -1.52596956 
H                  3.51699327    2.93463037   -2.36915203 
H                  4.51532787    2.18500925   -1.12817270 
C                 -1.30654424    3.41799929   -0.39913414 
H                 -2.00005631    3.65264834    0.41719787 
H                 -1.35614876    4.28259450   -1.08656969 
H                 -1.24729418    0.02242661    2.02148970 
H                 -0.20137703   -2.66458656   -1.14110741 
C                  1.24498289    0.43013565    2.99485374 
C                  2.47807634   -2.67015511   -0.75036137 
F                  1.34345930   -0.31233400    4.10846161 
F                  2.43902532    1.01752245    2.80571831 
F                  0.35079355    1.40256062    3.24487447 
F                  2.37350253   -3.98874187   -0.52739344 
F                  2.32893495   -2.48260145   -2.07318813 
F                  3.72920339   -2.30420872   -0.42937994 
H                  0.66187544    0.75284572   -0.62725468 
 
Reaction between 3' and trans decalin – proximal position 
TS 
 161 
C                 -2.37828313    0.87505942   -0.87560355 
C                 -1.33712786    1.78583600   -0.75806182 
C                 -0.03919851    1.42239904   -1.10793289 
C                  0.21722843    0.14011313   -1.58012450 
C                 -0.83173232   -0.76286425   -1.74621952 
C                 -2.11872171   -0.39900879   -1.37655572 
C                  1.61371829   -0.32861379   -1.87622957 
O                  1.81492417   -1.14558512   -2.76848714 
C                  3.98117516   -0.15524456   -1.15362204 
C                  4.51072720    0.14490705   -2.56964307 
H                  4.02011017   -0.48567671   -3.31056884 
H                  5.58842296   -0.04375917   -2.59396337 
N                  2.57326331    0.26861018   -1.09934653 
H                  2.14259276    0.20106066    0.22206407 
H                 -3.38595100    1.15658190   -0.59270618 
H                  4.33862739    1.19449226   -2.82460550 
C                  4.15968962   -1.64096636   -0.81471171 
H                  3.79239435   -1.85355762    0.19434363 
H                  3.61526741   -2.26509387   -1.52530513 
H                  5.21988194   -1.90955184   -0.85217623 
C                  4.75026809    0.71903961   -0.15535723 
H                  5.82232433    0.51697106   -0.23237089 
H                  4.57882338    1.77864732   -0.36458755 
H                  4.44740632    0.51793890    0.87572871 
C                  1.81990708    0.06459146    1.42786407 
C                  0.58370048   -0.80722666    1.52945924 
C                  0.06998606   -0.83089983    2.98912483 
C                 -0.13489794    0.59229231    3.51299352 
C                  1.14591222    1.42250627    3.41899837 
C                  1.65509494    1.47015526    1.96974232 
H                 -0.21937743   -0.34547769    0.93962304 
H                  2.69417757   -0.44290956    1.85555341 
H                 -0.92440154    1.08025519    2.92505056 
H                 -0.48832460    0.55589538    4.54993149 
H                  0.97140091    2.44161923    3.77902001 
H                  1.91682364    0.98190161    4.06473419 
H                  0.91849247    2.01340343    1.36950852 
H                  2.59928382    2.01992918    1.90390635 
H                  0.84335587   -1.31576862    3.60737249 
C                 -1.20578575   -1.67476735    3.07236432 
C                  0.81676801   -2.22919085    1.01063610 
C                 -0.44386775   -3.08731199    1.12374880 
C                 -0.98502669   -3.09772669    2.55508728 
H                 -1.56621546   -1.69606313    4.10751874 
H                 -1.92023231   -3.66523640    2.60059040 
H                 -1.98974648   -1.18962857    2.47319033 
H                 -0.26942930   -3.61249564    3.21059394 
H                  1.62711783   -2.68830847    1.59560236 
H                  1.16515261   -2.20422057   -0.02809612 
H                 -1.21613293   -2.68452287    0.45779756 
H                 -0.23627643   -4.10774565    0.78551112 
H                  0.78061123    2.12370350   -1.00419833 
H                 -0.61884186   -1.75079848   -2.13826878 
C                 -3.24719140   -1.39314769   -1.43823461 
C                 -1.59172728    3.14874878   -0.17342408 
F                 -3.54291439   -1.85662417   -0.20621847 
F                 -2.94915125   -2.45229487   -2.20041397 
 162 
F                 -4.36933368   -0.83861108   -1.92249644 
F                 -2.86575945    3.53445032   -0.33006367 
F                 -1.33739705    3.16255640    1.15298631 
F                 -0.80691816    4.08282871   -0.72860071 
 
IRC start-point 
C                  1.85933645   -0.38976494   -1.54238597 
C                  0.78607923   -1.27238913   -1.58873433 
C                 -0.51933149   -0.79865707   -1.53105839 
C                 -0.74979508    0.57211749   -1.43115897 
C                  0.32098120    1.46337836   -1.40623161 
C                  1.62068353    0.97818005   -1.45134366 
C                 -2.13269979    1.12965630   -1.30538812 
O                 -2.36831827    2.31949474   -1.48242814 
C                 -4.30052511    0.48467571   -0.29095133 
C                 -5.31592403    1.08841715   -1.29349501 
H                 -4.95839491    2.05289370   -1.65723230 
H                 -6.27183950    1.22543842   -0.77884435 
N                 -3.11416472    0.19363289   -1.07665436 
H                 -1.84438012   -0.61046306    1.13617845 
H                  2.87672041   -0.76558612   -1.56683577 
H                 -5.46609586    0.41689720   -2.14219086 
C                 -4.07624757    1.44818037    0.88239451 
H                 -3.35794385    1.03273770    1.59477476 
H                 -3.71264758    2.41696874    0.53751722 
H                 -5.02231344    1.60022247    1.40973081 
C                 -4.82251047   -0.86710310    0.21688132 
H                 -5.77211176   -0.72511760    0.74071811 
H                 -4.97784554   -1.55754756   -0.61581730 
H                 -4.11086837   -1.31883427    0.91425865 
C                 -1.15978440   -0.90345848    1.94280692 
C                  0.06374666    0.01695318    1.92660098 
C                  1.11376399   -0.42375204    2.95956890 
C                  1.48846317   -1.89323195    2.75012561 
C                  0.26181005   -2.80489511    2.81835865 
C                 -0.79342443   -2.38109631    1.79465315 
H                  0.54285997   -0.07797535    0.94188037 
H                 -1.70462282   -0.75467162    2.88698026 
H                  1.96369206   -2.00262438    1.76517011 
H                  2.23261794   -2.19767994    3.49555487 
H                  0.55186555   -3.84735023    2.64966697 
H                 -0.16925193   -2.75459088    3.82762015 
H                 -0.39827495   -2.55855490    0.78833165 
H                 -1.69086868   -3.00278147    1.88898909 
H                  0.65846128   -0.32851930    3.96005540 
C                  2.33339951    0.50016765    2.90580176 
C                 -0.32450780    1.48581061    2.12094796 
C                  0.89103598    2.41512527    2.11865633 
C                  1.94599987    1.96304270    3.13075646 
H                  3.07453019    0.18238309    3.64874417 
H                  2.83070804    2.60516603    3.06495464 
H                  2.81050534    0.40165646    1.92051613 
H                  1.54604486    2.07753450    4.14757783 
H                 -0.85740143    1.58665984    3.07800333 
 163 
H                 -1.03132888    1.79255327    1.33961843 
H                  1.34099278    2.42250709    1.11908232 
H                  0.57846019    3.44429330    2.32549418 
H                 -1.35861960   -1.48318007   -1.55200367 
H                  0.12041368    2.52545339   -1.32696871 
C                  2.80223314    1.91043200   -1.39764809 
C                  1.07476920   -2.74625494   -1.69783799 
F                  3.65618829    1.54961885   -0.42189815 
F                  2.43561495    3.17783173   -1.16415085 
F                  3.49382355    1.89119807   -2.54775762 
F                  1.68318360   -3.04190732   -2.85703111 
F                  1.89546305   -3.15209998   -0.71140791 
F                 -0.04012618   -3.48713903   -1.62369144 
 
IRC end-point 
C                 -2.07245292    0.04772649   -1.37666709 
C                 -1.07396412    0.96696402   -1.67504056 
C                  0.26279137    0.58073976   -1.67308814 
C                  0.60365588   -0.73585997   -1.37555150 
C                 -0.39688491   -1.67264452   -1.12914855 
C                 -1.72659953   -1.27369842   -1.10898114 
C                  2.03490725   -1.19534495   -1.26553785 
O                  2.35829807   -2.31951954   -1.62289447 
C                  4.28934332   -0.50429924   -0.41195102 
C                  5.04780353   -0.91005711   -1.68032569 
H                  4.66891684   -1.85392980   -2.07312540 
H                  6.11168840   -1.02250149   -1.45064233 
N                  2.87050310   -0.26526325   -0.73242250 
H                  2.42090543    0.46296632   -0.18317862 
H                 -3.11112693    0.35855355   -1.34694932 
H                  4.94033394   -0.13992223   -2.44990805 
C                  4.40837741   -1.58922015    0.66708396 
H                  3.88096252   -1.28272280    1.57659291 
H                  3.97796840   -2.52675227    0.30920374 
H                  5.45915316   -1.76013870    0.92053435 
C                  4.83774993    0.82614841    0.11232145 
H                  5.89531290    0.72013863    0.36727390 
H                  4.74250945    1.61149038   -0.64388420 
H                  4.30430795    1.14599700    1.01399871 
C                  1.36218225    1.30345838    1.71153515 
C                  0.22391808    0.35095909    1.88685547 
C                 -0.84061826    0.96832131    2.83399746 
C                 -1.24746266    2.35589284    2.33066815 
C                 -0.04858892    3.29874621    2.20695460 
C                  1.03377044    2.69693537    1.28107299 
H                 -0.29169297    0.24201442    0.92117272 
H                  2.26351043    1.13226872    2.30062244 
H                 -1.73148106    2.25284124    1.34946980 
H                 -1.99578174    2.78803050    3.00529071 
H                 -0.36410045    4.27330790    1.81954786 
H                  0.38357881    3.47065963    3.20068344 
H                  0.62624192    2.69237533    0.26087025 
H                  1.92429652    3.33257860    1.26721467 
H                 -0.37657989    1.08384095    3.82679880 
 164 
C                 -2.03118438    0.01646430    2.96884814 
C                  0.65705861   -1.03976288    2.35708674 
C                 -0.53582220   -1.97831857    2.55049641 
C                 -1.59843556   -1.36482082    3.46557209 
H                 -2.77692369    0.44907479    3.64622342 
H                 -2.46540748   -2.03034263    3.53120742 
H                 -2.51642659   -0.08812736    1.98859925 
H                 -1.19259629   -1.27087068    4.48207580 
H                  1.20060858   -0.93757935    3.30744806 
H                  1.36407378   -1.46860479    1.63643016 
H                 -0.98985977   -2.19253517    1.57612426 
H                 -0.19578380   -2.93874233    2.95174770 
H                  1.03693497    1.30790517   -1.89025887 
H                 -0.11555534   -2.69866852   -0.92326696 
C                 -2.82522565   -2.25049546   -0.78211856 
C                 -1.46669142    2.37992028   -2.01376112 
F                 -3.59218793   -1.79135883    0.22547384 
F                 -2.34551968   -3.44436294   -0.40904713 
F                 -3.63815425   -2.44621133   -1.83155082 
F                 -1.99384274    2.46442847   -3.24420818 
F                 -2.39282398    2.84686428   -1.15698931 
F                 -0.41787802    3.21884788   -1.96920417 
 
Reaction between 6' and trans decalin – distal position 
TS 
C                 -1.85418111    1.23556204    2.34643014 
C                 -1.06310795    0.13202704    2.63212318 
C                  0.13309014   -0.07472490    1.94878311 
C                  0.54428507    0.82393516    0.95315800 
C                 -0.25858209    1.93837817    0.68368896 
C                 -1.44868818    2.14076611    1.37721202 
H                 -1.36281889   -0.56608201    3.40351426 
H                 -2.06342730    3.00169611    1.14410799 
C                  1.88734216    0.67619025    0.26913792 
O                  2.74302615    1.52678339    0.47895889 
C                  3.29279835   -0.73717279   -1.18876616 
C                  4.46680546   -0.74919364   -0.18645712 
H                  4.63739339    0.24159846    0.23088887 
H                  5.37001256   -1.08287861   -0.70655817 
N                  2.05916026   -0.47704685   -0.42799109 
H                  0.89464119   -0.81059600   -1.15727210 
C                 -2.15536207   -0.32450722   -1.10454805 
C                 -3.31672124    0.64890374   -1.32085007 
H                 -2.93992630    1.67805485   -1.28132512 
H                 -3.72179228    0.50150365   -2.33267213 
C                 -1.06707504   -0.12481415   -2.15961716 
H                 -1.52481208   -0.25898324   -3.15362522 
H                 -0.69399910    0.90203396   -2.14126720 
C                 -2.62782798   -1.78427438   -1.06337298 
H                 -3.04593501   -2.03504446   -2.05316603 
C                  0.13643282    2.98662824   -0.33557916 
C                  0.98144732   -1.26357590    2.36265216 
 165 
H                 -2.78284418    1.39245599    2.88340719 
F                  0.80266389    2.47420522   -1.38539423 
F                 -0.96089132    3.58907817   -0.84059219 
F                  0.89694481    3.94317939    0.20088082 
F                  0.58265636   -1.73718493    3.55802027 
F                  0.89923439   -2.29214601    1.50304314 
F                  2.27497439   -0.93964076    2.48659913 
H                  4.25667252   -1.44517268    0.62953196 
C                  3.52200325    0.31043027   -2.28466728 
H                  2.69049517    0.31509817   -2.99647631 
H                  3.61200018    1.30634837   -1.84782629 
H                  4.43944232    0.08350732   -2.83646833 
C                  3.19241445   -2.14471292   -1.79023515 
H                  4.15948754   -2.42949787   -2.21356320 
H                  2.92519051   -2.86854997   -1.01512506 
H                  2.45463038   -2.20294301   -2.59291319 
C                 -1.43553181   -2.70282533   -0.79194896 
H                 -1.02510078   -2.46606323    0.19585910 
H                 -1.76434074   -3.74788543   -0.75382991 
C                  0.08480013   -1.10783512   -2.07015614 
H                  0.74280915   -1.00636009   -2.93805423 
C                 -4.43416228    0.44761566   -0.29607997 
H                 -4.05957626    0.71994975    0.69932009 
H                 -5.27280340    1.11791162   -0.51325399 
C                 -3.73517902   -1.96127944   -0.02104588 
H                 -3.31183698   -1.76669736    0.97561318 
H                 -4.08105296   -3.00166955   -0.01759283 
C                 -4.90642919   -1.00800748   -0.26671490 
H                 -5.37643720   -1.25533758   -1.22833595 
H                 -5.67457323   -1.14328254    0.50238018 
C                 -0.33741177   -2.55201624   -1.84529907 
H                  0.52871336   -3.16717921   -1.58515904 
H                 -0.71216078   -2.93458334   -2.80734411 
H                 -1.72358104   -0.11669414   -0.11862500 
 
IRC start-point 
C                 -1.44648535    2.12282744    1.99702780 
C                 -1.14646310    0.85417256    2.47045097 
C                 -0.03221320    0.16732666    1.99692224 
C                  0.81332951    0.76046225    1.04692833 
C                  0.49739094    2.04144182    0.57708289 
C                 -0.62868593    2.71203599    1.04596696 
H                 -1.78109825    0.38835972    3.21386672 
H                 -0.86402165    3.69450715    0.65585119 
C                  2.08789341    0.08389251    0.59086464 
O                  3.17775963    0.56621176    0.86575898 
C                  2.86304110   -1.74081321   -0.88668524 
C                  4.00939731   -2.24424750    0.03201470 
H                  4.56035677   -1.40347154    0.45257531 
H                  4.68061259   -2.86309628   -0.57102289 
N                  1.89075513   -1.13348543   -0.00005012 
H                  0.31120982    0.07126998   -1.90745325 
C                 -2.35947605    0.25887056   -1.07752291 
C                 -3.58800000    1.04209716   -0.60615911 
 166 
H                 -3.28750334    2.05183472   -0.30014830 
H                 -4.27645420    1.16536628   -1.45479411 
C                 -1.62034642    0.97670468   -2.21018148 
H                 -2.31861187    1.14755408   -3.04251389 
H                 -1.29199684    1.96611894   -1.87051902 
C                 -2.75038771   -1.17635327   -1.47359232 
H                 -3.47310797   -1.10239754   -2.30414496 
C                  1.37043126    2.76238950   -0.42824822 
C                  0.19689687   -1.23229448    2.53290241 
H                 -2.32434890    2.64460551    2.36059329 
F                  1.87021416    1.93498672   -1.36216989 
F                  0.66520671    3.70229714   -1.08533812 
F                  2.40017917    3.37997559    0.15821178 
F                 -0.44660317   -1.40576474    3.70213897 
F                 -0.27211628   -2.16918118    1.69494064 
F                  1.49122820   -1.49134371    2.76416111 
H                  3.60620918   -2.85199677    0.84575568 
C                  3.40608926   -0.78441341   -1.95562650 
H                  2.59637116   -0.43401836   -2.60217403 
H                  3.89458077    0.07874488   -1.50165455 
H                  4.13449500   -1.31192229   -2.57798981 
C                  2.17719409   -2.95075778   -1.53031183 
H                  2.89050731   -3.50086834   -2.15086503 
H                  1.78440606   -3.62014075   -0.76087111 
H                  1.34599459   -2.63159132   -2.16202556 
C                 -1.53569643   -1.95834419   -1.98131319 
H                 -0.81647570   -2.07297888   -1.15704737 
H                 -1.84230406   -2.96825611   -2.27895746 
C                 -0.42565035    0.16666487   -2.71614021 
H                  0.07345044    0.69426758   -3.53601264 
C                 -4.31771235    0.33476766    0.53795492 
H                 -3.66585380    0.31915563    1.42127309 
H                 -5.21739599    0.89372848    0.81870524 
C                 -3.44634555   -1.88040819   -0.30549019 
H                 -2.73065949   -1.97794390    0.52277187 
H                 -3.72757420   -2.89888166   -0.59875552 
C                 -4.67855050   -1.10575776    0.16675704 
H                 -5.42534720   -1.09403650   -0.63883634 
H                 -5.14411559   -1.61161833    1.01965617 
C                 -0.86040882   -1.23341762   -3.14633647 
H                 -0.00261518   -1.80457154   -3.51840776 
H                 -1.56585673   -1.15583760   -3.98496903 
H                 -1.66464648    0.17301283   -0.22869864 
 
IRC end-point 
C                 -1.68271100    1.40715800    2.32331900 
C                 -0.98605700    0.24600200    2.62502500 
C                  0.19826900   -0.05558100    1.95673800 
C                  0.69894800    0.80514700    0.96980900 
C                 -0.03319000    1.95444800    0.65469900 
C                 -1.21278300    2.25386600    1.33016900 
H                 -1.35206200   -0.42467900    3.39220500 
H                 -1.76656100    3.14732200    1.06826900 
C                  2.07582700    0.58854500    0.35884800 
 167 
O                  2.98629700    1.33834100    0.67453000 
C                  3.39985700   -0.91046900   -1.13902200 
C                  4.47891200   -1.19573700   -0.08700700 
H                  4.73397700   -0.28862800    0.46149700 
H                  5.37877100   -1.57755200   -0.57869400 
N                  2.16387200   -0.46671400   -0.47260700 
H                  1.29113200   -0.88502500   -0.77596300 
C                 -2.38494800   -0.16885100   -1.07726500 
C                 -3.52539900    0.85210900   -1.08023700 
H                 -3.10581800    1.86448800   -1.03070100 
H                 -4.06031000    0.78224400   -2.03857700 
C                 -1.43479900    0.06186100   -2.25915500 
H                 -2.04273500    0.08362600   -3.18410300 
H                 -0.97139200    1.05075100   -2.18882200 
C                 -2.90967800   -1.61321000   -1.06119900 
H                 -3.46121400   -1.78155100   -2.00194500 
C                  0.43286200    2.92125400   -0.41216900 
C                  0.92243100   -1.33251500    2.32744600 
H                 -2.59598800    1.64684100    2.85588000 
F                  1.04568100    2.29748100   -1.43322800 
F                 -0.61926500    3.57957600   -0.94208000 
F                  1.27190000    3.84103700    0.06802000 
F                  0.42820900   -1.86633800    3.45571900 
F                  0.79734100   -2.27684200    1.37084700 
F                  2.23203400   -1.13749300    2.52238600 
H                  4.12386300   -1.94608000    0.62445800 
C                  3.86770200    0.16255500   -2.12976600 
H                  3.09258600    0.35594000   -2.87786700 
H                  4.08203400    1.09405600   -1.60244100 
H                  4.77409400   -0.16774000   -2.64655600 
C                  3.05592000   -2.20830500   -1.87497500 
H                  3.95415800   -2.61841100   -2.34340900 
H                  2.66075600   -2.95387500   -1.17726600 
H                  2.31553400   -2.03908800   -2.66304600 
C                 -1.74155100   -2.60064600   -1.00473600 
H                 -1.19081500   -2.44110000   -0.06962200 
H                 -2.11854700   -3.62949000   -0.97873400 
C                 -0.39390800   -0.99848700   -2.39386800 
H                  0.47805900   -0.77569800   -3.00563700 
C                 -4.51389300    0.62236200    0.06379300 
H                 -4.00867800    0.81561600    1.01857500 
H                 -5.34473700    1.33290100   -0.00487600 
C                 -3.88389800   -1.81936600    0.10222600 
H                 -3.33159700   -1.70298400    1.04663400 
H                 -4.26836300   -2.84601000    0.08812800 
C                 -5.03764200   -0.81553400    0.06494300 
H                 -5.63347700   -0.98517500   -0.84219800 
H                 -5.70839300   -0.97547200    0.91603500 
C                 -0.78456100   -2.42712000   -2.19115900 
H                  0.10117500   -3.06116800   -2.06879300 
H                 -1.29010200   -2.79256400   -3.10406900 
H                 -1.81018800   -0.03494200   -0.15007100 
 
Reaction between 6' and trans decalin – proximal position 
 168 
TS 
C                  0.93389300   -3.50006800    0.69915600 
C                  1.95396600   -2.89629000   -0.02454300 
C                  2.12395000   -1.51607500    0.01699700 
C                  1.27550400   -0.71745600    0.79849400 
C                  0.27807700   -1.34223100    1.55077000 
C                  0.10099300   -2.72381600    1.48936100 
H                  2.62109900   -3.49690200   -0.63006800 
H                 -0.69216700   -3.18536500    2.06589900 
C                  1.49613000    0.78073600    0.87518900 
O                  2.07714100    1.25476300    1.84422900 
C                  1.24881400    2.91907100   -0.36746500 
C                  2.75668200    3.22835400   -0.45654500 
H                  3.25604900    2.95707000    0.47454600 
H                  2.89896100    4.29822300   -0.63881500 
N                  1.13694600    1.46085700   -0.23379500 
H                  0.06141800    0.82839700   -0.95982800 
C                 -0.60065100   -0.58186200    2.51942200 
C                  3.22859900   -0.91216600   -0.82785200 
H                  0.79667200   -4.57444500    0.65377700 
F                 -0.78332600    0.70191200    2.18053700 
F                 -1.82865100   -1.14157400    2.58643200 
F                 -0.09290000   -0.60532600    3.75638000 
F                  4.11360300   -1.85385500   -1.20269100 
F                  2.75880000   -0.35690900   -1.95921200 
F                  3.91385300    0.03252100   -0.17459700 
H                  3.20917900    2.66503800   -1.27622000 
C                  0.61190800    3.68613200    0.79859600 
H                 -0.46381000    3.49924500    0.85109100 
H                  1.06619200    3.39492100    1.74572100 
H                  0.75740800    4.76075900    0.64950600 
C                  0.58079200    3.32601000   -1.68480800 
H                  0.78065300    4.38265700   -1.88141900 
H                  0.97276800    2.73648100   -2.51879700 
H                 -0.50339800    3.19196000   -1.63502700 
C                 -0.85860100    0.33559700   -1.62139600 
C                 -2.10012800    0.21505200   -0.75951300 
C                 -3.23766600   -0.47167200   -1.55462400 
C                 -2.77123700   -1.79976500   -2.15417600 
C                 -1.52278000   -1.62529800   -3.01794900 
C                 -0.39098900   -0.98549300   -2.20070200 
H                 -1.86789700   -0.45134400    0.08289500 
H                 -0.99047400    1.08875800   -2.40806100 
H                 -2.54968300   -2.50109300   -1.33649400 
H                 -3.58406700   -2.24515800   -2.73966200 
H                 -1.19029900   -2.59036900   -3.41488700 
H                 -1.75914900   -0.99006200   -3.88166900 
H                 -0.13074100   -1.67099200   -1.38751700 
H                  0.50512200   -0.84769200   -2.80928600 
H                 -3.50643400    0.20044700   -2.38614200 
C                 -4.47099200   -0.64116400   -0.66147800 
C                 -2.57577600    1.55546300   -0.19938100 
C                 -3.81088600    1.38936400    0.68610100 
C                 -4.94201500    0.68892600   -0.06989600 
H                 -5.27846400   -1.11083600   -1.23571000 
 169 
H                 -5.79908700    0.52523700    0.59190400 
H                 -4.21973700   -1.33343700    0.15490300 
H                 -5.29085700    1.34026400   -0.88284700 
H                 -2.80849200    2.22881600   -1.03757300 
H                 -1.76477200    2.01808700    0.36758000 
H                 -3.53454000    0.79388300    1.56484300 
H                 -4.14514300    2.36432500    1.05590200 
 
IRC start-point 
C                 -1.00186900   -0.19104900    2.98423300 
C                 -0.34689200   -1.31961500    2.51390200 
C                  0.69551200   -1.20146900    1.59780400 
C                  1.09420800    0.06210200    1.13985600 
C                  0.45310500    1.19651700    1.65608000 
C                 -0.59038300    1.06676900    2.56750400 
H                 -0.63532900   -2.30251600    2.86601200 
H                 -1.08281700    1.95536200    2.94203700 
C                  2.19206900    0.21276100    0.10788800 
O                  3.26260800    0.74248500    0.36144700 
C                  2.41642000   -0.00308600   -2.35629900 
C                  3.82783200   -0.64308400   -2.42531700 
H                  4.49054000   -0.17718600   -1.69499300 
H                  4.22656600   -0.48961600   -3.43270300 
N                  1.88797500   -0.41223700   -1.07010600 
H                 -0.46954900   -1.48582700   -1.29050300 
C                  0.90217900    2.59191200    1.27713900 
C                  1.39851800   -2.47902300    1.17482000 
H                 -1.82075200   -0.29062300    3.68744600 
F                  1.07181200    2.72520400   -0.05119900 
F                 -0.00654600    3.51284800    1.64594700 
F                  2.05477400    2.91986500    1.86665000 
F                  1.27265000   -3.41742400    2.13167500 
F                  0.89383700   -3.00908400    0.05280900 
F                  2.71129900   -2.29217100    0.98253100 
H                  3.77203600   -1.71581400   -2.22580000 
C                  2.50412300    1.51417600   -2.55616000 
H                  1.50807000    1.96433900   -2.53094300 
H                  3.12192300    1.98037600   -1.78767500 
H                  2.94513100    1.72385500   -3.53484100 
C                  1.51495200   -0.63959400   -3.42217200 
H                  1.92305200   -0.44498900   -4.41818400 
H                  1.44540200   -1.71966500   -3.27024600 
H                  0.50630900   -0.22039900   -3.37309100 
C                 -1.56205800   -1.45974300   -1.35592800 
C                 -2.08060700   -0.13250500   -0.79985700 
C                 -3.61780600   -0.08270900   -0.83512400 
C                 -4.21132900   -1.28035000   -0.08779500 
C                 -3.69440800   -2.61056000   -0.64026200 
C                 -2.16525500   -2.65761100   -0.62130900 
H                 -1.78378800   -0.07335100    0.25906300 
H                 -1.81816200   -1.52099000   -2.42447300 
H                 -3.94072200   -1.19954800    0.97577600 
H                 -5.30637300   -1.24500900   -0.13622800 
H                 -4.10996300   -3.44721600   -0.06777700 
 170 
H                 -4.04681800   -2.73047200   -1.67384800 
H                 -1.82018300   -2.64525600    0.42098400 
H                 -1.80201900   -3.59381300   -1.05753000 
H                 -3.92382800   -0.15847200   -1.89238900 
C                 -4.13596000    1.25213000   -0.29361700 
C                 -1.46699600    1.06981300   -1.51946200 
C                 -2.00558100    2.40002500   -0.99157200 
C                 -3.53373200    2.44077800   -1.04539000 
H                 -5.23087400    1.27728800   -0.34912900 
H                 -3.90336700    3.38353700   -0.62766800 
H                 -3.87295500    1.32724400    0.77227400 
H                 -3.86299200    2.40864400   -2.09296700 
H                 -1.68212600    0.99069500   -2.59571400 
H                 -0.37578500    1.03640000   -1.41324700 
H                 -1.68924500    2.53096900    0.04975800 
H                 -1.57474800    3.23518400   -1.55373800 
 
IRC end-point 
C                  0.12896200   -3.14667300    1.60300100 
C                  1.23245600   -2.99457100    0.77524100 
C                  1.71745700   -1.72311400    0.47941500 
C                  1.10999900   -0.58303300    1.02129600 
C                  0.00887100   -0.75325300    1.86590200 
C                 -0.48278900   -2.02606500    2.14554300 
H                  1.71900300   -3.86299400    0.34885500 
H                 -1.34877200   -2.13308800    2.78783900 
C                  1.67877900    0.80528300    0.76466300 
O                  2.31354000    1.37188500    1.63972400 
C                  1.92742700    2.55072300   -1.00931700 
C                  3.46118100    2.52157900   -1.01386900 
H                  3.84408600    2.42676400    0.00353200 
H                  3.85062500    3.44537200   -1.45245000 
N                  1.41543300    1.28056700   -0.46798600 
H                  0.82962000    0.71235200   -1.07321400 
C                 -0.66382300    0.42222200    2.54178500 
C                  2.87770000   -1.60690100   -0.48559400 
H                 -0.25266500   -4.13675200    1.82479100 
F                 -0.65304100    1.53184100    1.78756400 
F                 -1.96012400    0.14366200    2.79782700 
F                 -0.08724600    0.71754600    3.70971800 
F                  3.49421600   -2.78780000   -0.65362000 
F                  2.46688600   -1.20874200   -1.70757600 
F                  3.80139800   -0.73108600   -0.07397600 
H                  3.82219200    1.67417400   -1.60307500 
C                  1.40662600    3.72586100   -0.17282900 
H                  0.31279300    3.74991000   -0.18118100 
H                  1.74497500    3.63562600    0.86049100 
H                  1.77556000    4.66976100   -0.58590600 
C                  1.40462700    2.64993500   -2.44461600 
H                  1.77997000    3.56287300   -2.91382100 
H                  1.74078800    1.79545000   -3.04170500 
H                  0.31047000    2.68232100   -2.46557900 
C                 -0.98243000   -0.22437400   -2.09415700 
C                 -2.00281500    0.19610100   -1.08576400 
 171 
C                 -3.31344600   -0.61220800   -1.29047400 
C                 -3.01591100   -2.11344600   -1.31043000 
C                 -2.00470100   -2.47997400   -2.39789100 
C                 -0.69410800   -1.68581200   -2.21019300 
H                 -1.63766400   -0.09314500   -0.08689700 
H                 -0.79661600    0.42498800   -2.94891900 
H                 -2.61791100   -2.41050100   -0.32849300 
H                 -3.94793900   -2.67232600   -1.45572300 
H                 -1.79171000   -3.55450400   -2.38084500 
H                 -2.43127400   -2.25259700   -3.38287600 
H                 -0.22956700   -2.04305800   -1.28152500 
H                  0.00939900   -1.89383100   -3.02050600 
H                 -3.72000400   -0.33288900   -2.27595300 
C                 -4.34181800   -0.22506300   -0.22568300 
C                 -2.27433000    1.70245200   -1.07456500 
C                 -3.34872100    2.08824700   -0.05484300 
C                 -4.63192200    1.27720700   -0.24768000 
H                 -5.26541600   -0.79642400   -0.37727200 
H                 -5.36032000    1.53414300    0.52872200 
H                 -3.95113100   -0.50575800    0.76277000 
H                 -5.09058500    1.53982400   -1.21085000 
H                 -2.59118500    2.01166300   -2.08108500 
H                 -1.34324300    2.23508400   -0.85294700 
H                 -2.96103300    1.90862800    0.95355500 
H                 -3.56122600    3.16036800   -0.12470300 
 
Reaction between 3' and 7 – primary position 
TS 
C                 -2.14973058    0.65480438   -0.86692853 
C                 -1.10367308    1.56737548   -0.80652036 
C                  0.21567694    1.14153239   -0.91685070 
C                  0.49766553   -0.21250149   -1.06634418 
C                 -0.54736444   -1.12949109   -1.14925077 
C                 -1.86302085   -0.69531928   -1.04492991 
C                  1.90548329   -0.73832367   -1.11605161 
O                  2.13929525   -1.81371703   -1.65708423 
C                  4.24785496   -0.32490080   -0.40272899 
C                  4.83979281   -0.58003479   -1.80266311 
H                  4.37380386   -1.44503360   -2.27287995 
H                  5.91498215   -0.75851206   -1.70484217 
N                  2.84689947    0.09839844   -0.56883778 
H                  2.37185330    0.47935195    0.64227322 
C                  1.90002212    0.62911034    1.80840776 
C                  1.10481432   -0.60541163    2.20522591 
H                  1.21848182   -1.38531125    1.44008369 
H                  1.52870012   -1.03921490    3.12059952 
H                 -3.17480164    0.98844927   -0.76516654 
H                  4.69276305    0.29513853   -2.44183039 
C                  4.37486317   -1.57540533    0.47729308 
H                  3.97306800   -1.38510279    1.47809970 
H                  3.83665972   -2.41492187    0.03400796 
H                  5.42774644   -1.85298105    0.58503782 
 172 
C                  4.99830402    0.85393519    0.22840203 
H                  6.06534051    0.62334414    0.29277338 
H                  4.87196241    1.75603618   -0.37627023 
H                  4.64211568    1.06502951    1.24005226 
H                 -0.31101857   -2.18011433   -1.27886809 
H                  1.03037408    1.85535071   -0.87362444 
C                 -2.97843788   -1.70188441   -1.14803875 
C                 -1.36413367    3.01602294   -0.49941376 
F                 -2.65042795    3.35103551   -0.66808712 
F                 -1.04207138    3.28937099    0.78143566 
F                 -0.62352512    3.82844069   -1.26857815 
F                 -4.13048303   -1.22484111   -0.64894640 
F                 -2.68281711   -2.82933349   -0.47871476 
F                 -3.20943034   -2.05050156   -2.42318405 
H                  1.30395682    1.53634644    1.67978864 
H                  2.78398884    0.82960230    2.41486958 
C                 -0.39389731   -0.33814592    2.41948828 
H                 -0.75839461    0.22568922    1.55108581 
C                 -1.17093799   -1.65940719    2.47049029 
H                 -0.94427953   -2.22983209    1.56183676 
H                 -0.80353969   -2.26130417    3.31316808 
C                 -2.68522470   -1.49465867    2.57716285 
H                 -3.18946254   -2.45925781    2.47773643 
H                 -2.98276719   -1.06143010    3.53628938 
H                 -3.06498550   -0.84228520    1.78407000 
C                 -0.62212454    0.52177395    3.66483266 
H                 -0.34242781   -0.02953105    4.57067165 
H                 -0.02473526    1.43843634    3.63309970 
H                 -1.66884128    0.82104321    3.76165677 
 
IRC start-point 
C                 -1.84907632    0.26254706    1.12420943 
C                 -0.77181852   -0.51571553    1.54453554 
C                  0.53070756   -0.09406088    1.32504431 
C                  0.76159562    1.11598310    0.66805946 
C                 -0.30793938    1.89629310    0.24503466 
C                 -1.61130663    1.46527390    0.47479766 
C                  2.14727277    1.58158037    0.34885752 
O                  2.36759573    2.69018019   -0.12030540 
C                  4.27240058    0.43588314   -0.17926029 
C                  5.30295221    1.56339258    0.07206353 
H                  4.89632797    2.52583330   -0.24050733 
H                  6.20614765    1.34162145   -0.50480916 
N                  3.15216284    0.70925412    0.70594821 
H                  2.32929420   -2.49477610   -1.10541537 
C                  1.25624090   -2.71162270   -1.12350912 
C                  0.49571846   -1.65230949   -1.91855660 
H                  0.73594447   -0.66204507   -1.51167982 
H                  0.84698395   -1.64692648   -2.95991486 
H                 -2.86523512   -0.07571931    1.28875878 
H                  5.56593039    1.61371010    1.13140537 
C                  3.87839053    0.39182467   -1.66243614 
H                  3.12558664   -0.38231369   -1.84000596 
H                  3.48055569    1.35287532   -1.99424983 
 173 
H                  4.75615630    0.15455737   -2.26984711 
C                  4.86182667   -0.90825201    0.26696910 
H                  5.75109019   -1.14176625   -0.32545590 
H                  5.14046767   -0.87298927    1.32305529 
H                  4.13631012   -1.71512007    0.12926904 
H                 -0.10465578    2.82842474   -0.27155030 
H                  1.36967365   -0.69788563    1.65069065 
C                 -2.75232057    2.32397616   -0.00426976 
C                 -1.05249778   -1.81222938    2.25628080 
F                 -1.49345894   -1.60248382    3.50630299 
F                 -2.00169864   -2.51949242    1.61852796 
F                  0.04083977   -2.58693442    2.34055897 
F                 -3.94141380    1.73094014    0.17611491 
F                 -2.63022561    2.60184872   -1.31382554 
F                 -2.78231647    3.49878418    0.64378418 
H                  0.90535146   -2.75429119   -0.08747433 
H                  1.13801078   -3.70982264   -1.55420216 
C                 -1.03106250   -1.81774196   -1.90641871 
H                 -1.35083736   -1.86838870   -0.85614419 
C                 -1.69969838   -0.58792045   -2.53750643 
H                 -1.26433612    0.31467165   -2.09291716 
H                 -1.44687554   -0.55263008   -3.60618094 
C                 -3.21598399   -0.53052043   -2.36560627 
H                 -3.61635345    0.41257006   -2.74584847 
H                 -3.72091980   -1.34347698   -2.89498437 
H                 -3.49162886   -0.60227114   -1.30776126 
C                 -1.46755609   -3.11618484   -2.58975131 
H                 -1.16210941   -3.11831163   -3.64318509 
H                 -1.02645144   -3.99396744   -2.10959791 
H                 -2.55294129   -3.24292232   -2.55503749 
 
IRC end-point 
C                 -2.09337593    0.28319806   -1.06055187 
C                 -1.06370101    1.19826798   -1.24271466 
C                  0.26501469    0.78738828   -1.20485867 
C                  0.57387761   -0.54934627   -0.97017027 
C                 -0.45559669   -1.47274709   -0.80831815 
C                 -1.78010085   -1.05493707   -0.84603337 
C                  1.98832119   -1.06784230   -0.88898109 
O                  2.23557403   -2.22787399   -1.19035440 
C                  4.32557600   -0.47501645   -0.20651909 
C                  4.98953453   -0.96166837   -1.49940884 
H                  4.52632114   -1.88601634   -1.84597585 
H                  6.05342614   -1.14391904   -1.32025687 
N                  2.90644224   -0.16405994   -0.46059940 
H                  2.54682043    0.65793864    0.01249480 
C                  1.51521808    1.83076302    1.80194339 
C                  0.92964316    0.60230246    2.40978445 
H                  1.26050064   -0.28853190    1.84742408 
H                  1.32908221    0.45858330    3.42428572 
H                 -3.12600495    0.60879381   -1.07934909 
H                  4.89582912   -0.20456355   -2.28353630 
C                  4.44181828   -1.53252454    0.89976793 
H                  3.97023728   -1.17421239    1.82087411 
 174 
H                  3.95425964   -2.45903800    0.59148702 
H                  5.49439811   -1.74307002    1.11233297 
C                  4.97602539    0.83443378    0.24782207 
H                  6.04079902    0.67644470    0.43638739 
H                  4.87461156    1.60883344   -0.51905562 
H                  4.52150082    1.19920057    1.17537254 
H                 -0.19830465   -2.51435574   -0.65009297 
H                  1.05358035    1.51316622   -1.37119493 
C                 -2.87452777   -2.07791914   -0.68967296 
C                 -1.36640065    2.66535109   -1.37222378 
F                 -2.62053197    2.89183582   -1.78362499 
F                 -1.21927975    3.28784057   -0.18317041 
F                 -0.53420554    3.27149594   -2.23274668 
F                 -4.04684112   -1.50997471   -0.36141634 
F                 -2.57359381   -2.97180761    0.26648641 
F                 -3.06845799   -2.76519470   -1.82579305 
H                  0.91522349    2.45900947    1.15005410 
H                  2.48856581    2.20271694    2.10546329 
C                 -0.60737926    0.60555624    2.45621988 
H                 -0.96574395    0.84625521    1.44660834 
C                 -1.13880572   -0.78718129    2.81666593 
H                 -0.73847874   -1.50920393    2.09426107 
H                 -0.74207142   -1.08040321    3.79854254 
C                 -2.66205861   -0.89426200    2.82727973 
H                 -2.97990592   -1.93289809    2.94738800 
H                 -3.10443054   -0.31465318    3.64240032 
H                 -3.08860837   -0.52643391    1.88848139 
C                 -1.11599483    1.69279246    3.40517365 
H                 -0.84204370    1.46006729    4.44138401 
H                 -0.68231729    2.66561453    3.15392749 
H                 -2.20326807    1.79467599    3.35848322 
 
Reaction between 3' and 7 – secondary position 
TS 
C                 -2.55191971    0.50172741   -0.45586951 
C                 -1.55429809    1.46066580   -0.58086320 
C                 -0.24890794    1.08630187   -0.88432430 
C                  0.06180288   -0.25777836   -1.06381895 
C                 -0.94021232   -1.22079481   -0.97147781 
C                 -2.23802497   -0.83982124   -0.65659009 
C                  1.46378774   -0.71509990   -1.35017901 
O                  1.65689354   -1.73317302   -2.00595255 
C                  3.86282397   -0.22184200   -0.95584867 
C                  4.23425682   -0.30095109   -2.45008653 
H                  3.73787081   -1.14258930   -2.93184044 
H                  5.31804471   -0.42288487   -2.54017395 
N                  2.43511869    0.12373700   -0.86475405 
H                  2.11136552    0.38691992    0.46219774 
C                  1.93661052    0.61442941    1.68489115 
C                  1.76236792    2.11717307    1.76136699 
H                  1.92443151    2.47579994    2.78414017 
H                  2.48332923    2.62912365    1.11753721 
 175 
H                  0.75524514    2.41843764    1.46191115 
C                  0.79799455   -0.25075828    2.20742813 
H                 -0.11540413    0.01071901    1.65660993 
H                 -3.56759911    0.79596877   -0.21968586 
H                  3.94778854    0.62228661   -2.96176010 
C                  4.19579679   -1.54137363   -0.24729901 
H                  3.94642004   -1.48279957    0.81689935 
H                  3.64050487   -2.36815020   -0.69328293 
H                  5.26625300   -1.75205983   -0.33214038 
C                  4.64824447    0.93663123   -0.32846697 
H                  5.72105531    0.77541675   -0.46658584 
H                  4.37519383    1.88390823   -0.80210028 
H                  4.46150844    1.02066332    0.74520513 
H                 -0.68586907   -2.26114329   -1.14059401 
H                  0.53333574    1.83020945   -0.98136513 
C                 -3.30461834   -1.88513711   -0.46483493 
C                 -1.86459962    2.90926943   -0.31727899 
F                 -1.59624339    3.23446193    0.96474848 
F                 -1.12979341    3.72404763   -1.08797946 
F                 -3.15666276    3.19525806   -0.53086729 
F                 -4.51655367   -1.42814192   -0.81637525 
F                 -3.38756059   -2.25976675    0.82721378 
F                 -3.05820305   -2.98935353   -1.18164550 
H                  2.89648258    0.29023070    2.10554937 
C                  1.08938435   -1.74215281    1.98358239 
H                  1.96942278   -2.02303251    2.57880535 
H                  1.37492448   -1.90053768    0.93793274 
C                 -0.07674711   -2.67008222    2.31754901 
H                 -0.98488958   -2.37110762    1.78515292 
H                  0.15468118   -3.69935314    2.03010337 
H                 -0.30542577   -2.67389530    3.38700473 
C                  0.54457728    0.06166970    3.69118160 
H                  0.28596466    1.11316433    3.83993287 
H                 -0.28407996   -0.53611649    4.07877778 
H                  1.43370274   -0.16096096    4.29244732 
 
IRC start-point 
C                 -2.32703646    0.53300171   -0.65451034 
C                 -1.29271549    1.45818812   -0.74516419 
C                  0.00707677    1.03980073   -1.00174476 
C                  0.27164647   -0.31778360   -1.17297966 
C                 -0.76071194   -1.24929880   -1.08867107 
C                 -2.05469361   -0.82070809   -0.82570046 
C                  1.65727617   -0.82322227   -1.42729291 
O                  1.86509588   -1.96180617   -1.83132442 
C                  3.98617576   -0.23502449   -0.81280125 
C                  4.76822542   -0.63217108   -2.08974399 
H                  4.35497545   -1.54809747   -2.51495112 
H                  5.81525775   -0.79768162   -1.81814934 
N                  2.65316436    0.11268973   -1.27298110 
H                  1.79456342    0.52340672    1.14651627 
C                  1.43851439    0.70477820    2.16850733 
C                  1.12526204    2.19181577    2.31855668 
H                  0.95354275    2.46796168    3.36263258 
 176 
H                  1.95317747    2.80505577    1.94984842 
H                  0.22872479    2.46627757    1.75536774 
C                  0.26043608   -0.24204499    2.43947923 
H                 -0.53788198    0.00871097    1.72436024 
H                 -3.34061130    0.86462160   -0.45605264 
H                  4.71964981    0.16464306   -2.83574298 
C                  4.03757082   -1.37161057    0.21695680 
H                  3.48544021   -1.10056366    1.12098990 
H                  3.62170198   -2.29504886   -0.18789566 
H                  5.07807970   -1.55417817    0.50028280 
C                  4.58427269    1.04990252   -0.22207444 
H                  5.62747306    0.87898485    0.05874176 
H                  4.54273061    1.86434550   -0.94953518 
H                  4.03410872    1.35464628    0.67312427 
H                 -0.53391730   -2.30019397   -1.22607437 
H                  0.81502804    1.75783304   -1.07303495 
C                 -3.18207761   -1.80873114   -0.68001920 
C                 -1.61063630    2.91518368   -0.53698135 
F                 -2.01328491    3.14276125    0.72760477 
F                 -0.55225751    3.70288693   -0.76856660 
F                 -2.60679803    3.31956975   -1.34065588 
F                 -4.26545653   -1.41923840   -1.37083660 
F                 -3.56091180   -1.91997796    0.60743769 
F                 -2.84123583   -3.03123076   -1.10511853 
H                  2.27287513    0.43605643    2.83246047 
C                  0.68427684   -1.69379714    2.17181346 
H                  1.49526397   -1.96129393    2.86398005 
H                  1.11756369   -1.75259595    1.16592390 
C                 -0.44066607   -2.72117647    2.28137287 
H                 -1.30574665   -2.42540856    1.68017889 
H                 -0.10788132   -3.70244115    1.93118709 
H                 -0.78424708   -2.84131883    3.31269604 
C                 -0.30167895   -0.06231533    3.85146862 
H                 -0.64013681    0.96331163    4.02110940 
H                 -1.15817663   -0.71818341    4.02800318 
H                  0.46192428   -0.29488595    4.60388434 
 
IRC end-point 
C                 -2.44818009    0.23883043   -0.69214291 
C                 -1.42960772    1.11582026   -1.04195045 
C                 -0.12230250    0.66000333   -1.18439650 
C                  0.17036883   -0.68447572   -0.97483036 
C                 -0.85244396   -1.57197633   -0.64774952 
C                 -2.15215494   -1.10742393   -0.49877273 
C                  1.56554773   -1.24301335   -1.10098957 
O                  1.73789704   -2.39722817   -1.46807379 
C                  3.98507176   -0.70786876   -0.72350439 
C                  4.45063609   -1.21611752   -2.09242858 
H                  3.93560591   -2.13890028   -2.35973359 
H                  5.52791429   -1.40569496   -2.06473760 
N                  2.55204947   -0.36657657   -0.77559617 
H                  2.27023828    0.40549205   -0.17677268 
C                  1.71158545    1.54093400    1.71892999 
C                  1.64666650    2.88784856    1.08016624 
 177 
H                  1.78097615    3.69256808    1.82020592 
H                  2.43822106    3.02366100    0.33361087 
H                  0.68000121    3.05982357    0.59901527 
C                  0.49827159    0.87502538    2.29445159 
H                 -0.30921546    0.92630661    1.54936160 
H                 -3.46570678    0.59689314   -0.58399192 
H                  4.25203015   -0.46598498   -2.86367325 
C                  4.23253716   -1.76081347    0.36528862 
H                  3.90439888   -1.38569437    1.34052614 
H                  3.68124210   -2.67526423    0.13730191 
H                  5.29845621   -2.00014899    0.42933078 
C                  4.72291973    0.59082320   -0.38389596 
H                  5.80028193    0.41004354   -0.34884803 
H                  4.52752878    1.35777527   -1.14000009 
H                  4.41707878    0.97910113    0.59339940 
H                 -0.61176424   -2.62050844   -0.51647925 
H                  0.66115733    1.35244611   -1.47109578 
C                 -3.25517409   -2.03893172   -0.07020396 
C                 -1.73834899    2.58113885   -1.18393282 
F                 -1.74884226    3.18691853    0.02218207 
F                 -0.82651468    3.21808862   -1.93353057 
F                 -2.94231712    2.78952851   -1.73457226 
F                 -4.39393081   -1.79106536   -0.73710184 
F                 -3.53064958   -1.88806037    1.23985581 
F                 -2.93617689   -3.32391193   -0.26602451 
H                  2.67850814    1.21591420    2.10672765 
C                  0.78156618   -0.60430536    2.59781842 
H                  1.57019947   -0.66209210    3.36093235 
H                  1.19858752   -1.06892095    1.69671637 
C                 -0.43546397   -1.40371970    3.05558162 
H                 -1.26091493   -1.31331676    2.34310898 
H                 -0.18966860   -2.46546370    3.14619392 
H                 -0.80060302   -1.06835673    4.03057693 
C                  0.00440098    1.64156582    3.53864918 
H                 -0.18348901    2.69228095    3.29972030 
H                 -0.92900317    1.21727540    3.91906757 
H                  0.75092405    1.60108093    4.33949400 
 
Reaction between 6' and 7 – primary position 
TS 
C                  0.99534707   -3.13806727    0.93186499 
C                  1.43107010   -1.97571620    1.55162607 
C                  0.67345406   -0.80951410    1.47493406 
C                 -0.53411901   -0.79505908    0.76475998 
C                 -0.97347104   -1.98005516    0.16583090 
C                 -0.21062599   -3.14224325    0.24657091 
H                  2.36066415   -1.97071622    2.10729713 
H                 -0.56385002   -4.04654731   -0.23388715 
C                 -1.38151206    0.46209002    0.69611997 
O                 -2.40059315    0.54462202    1.36449799 
C                 -1.52489902    2.71827820   -0.32185307 
C                 -1.68662006    3.44387523    1.02846403 
 178 
H                 -2.36802013    2.90002318    1.68210205 
H                 -2.08445807    4.44731330    0.84849002 
N                 -0.82382499    1.45386109   -0.05545105 
H                 -0.34465593    0.92285507   -1.21718214 
C                 -0.05769189    0.45808706   -2.35160722 
C                  1.39686323    0.77461707   -2.60739319 
H                  1.63806526    0.51377507   -3.65019926 
H                  1.54552124    1.85805114   -2.52507416 
C                 -2.31197112   -2.05490614   -0.53706418 
C                  1.19639009    0.42125796    2.19183214 
H                  1.59178510   -4.04140534    0.98963500 
F                 -2.58307211   -0.94518804   -1.24932223 
F                 -2.34317011   -3.08435920   -1.40344026 
F                 -3.31482521   -2.23221315    0.32719685 
F                  2.08729213    0.07531091    3.13886923 
F                  1.83142416    1.27437603    1.36837311 
F                  0.22118601    1.10668201    2.80009617 
H                 -0.71750800    3.53438422    1.52579009 
C                 -2.88497610    2.50078820   -0.99521216 
H                 -2.76264308    1.98193019   -1.95102023 
H                 -3.53939817    1.90517016   -0.35712214 
H                 -3.36453912    3.46484028   -1.19073317 
C                 -0.60780092    3.56056027   -1.21644410 
H                 -1.01959094    4.56755034   -1.32584910 
H                  0.39014714    3.63536625   -0.77500904 
H                 -0.51434190    3.12968925   -2.21711918 
H                 -0.29433692   -0.60268602   -2.26705423 
H                 -0.75958892    0.95006811   -3.02770827 
C                  2.36579227    0.05106399   -1.66171311 
C                  3.75737037    0.69546602   -1.70810207 
H                  4.19176842    0.55591903   -2.70787513 
H                  3.64172337    1.77761610   -1.57032105 
C                  4.71854841    0.16821096   -0.64358598 
H                  4.96295942   -0.88686212   -0.79838500 
H                  5.65886148    0.72653899   -0.65266795 
H                  4.27757535    0.27101496    0.35356408 
C                  2.41803026   -1.45016411   -1.95378615 
H                  2.84702532   -1.63582311   -2.94593222 
H                  3.02707329   -1.98123416   -1.21749109 
H                  1.42345918   -1.90457914   -1.92505018 
H                  1.98323722    0.19084899   -0.64643104 
 
IRC start-point 
C                  2.33534382    1.64112345   -1.75486222 
C                  2.15723185    0.27738414   -1.93526533 
C                  0.94123756   -0.32311467   -1.62255522 
C                 -0.12132110    0.44470803   -1.12464478 
C                  0.07459639    1.81801789   -0.94205014 
C                  1.29501056    2.40935568   -1.25659731 
H                  2.96492980   -0.33029494   -2.32356727 
H                  1.42889543    3.47179632   -1.09453615 
C                 -1.47189063   -0.17793292   -0.84049054 
O                 -2.43767612    0.07011060   -1.54821056 
C                 -2.62210199   -1.53463746    0.87995891 
 179 
C                 -3.34599584   -2.51498263   -0.08303358 
H                 -3.74734842   -1.97588157   -0.94162769 
H                 -4.16261286   -2.99300158    0.46630566 
N                 -1.43908588   -1.11401596    0.15654346 
H                 -0.68004256    0.59794456    2.10999401 
C                 -0.18520732    0.71709926    3.07935079 
C                  1.04076259   -0.18804679    3.16823472 
H                  1.57622259    0.00324909    4.10865049 
H                  0.71125184   -1.23386042    3.20858360 
C                 -1.02746568    2.71706525   -0.42748287 
C                  0.83906495   -1.82377753   -1.80514194 
H                  3.28626648    2.10221904   -1.99615741 
F                 -1.78937811    2.11430400    0.50294368 
F                 -0.51573797    3.81926206    0.14859610 
F                 -1.83945724    3.12100579   -1.40992523 
F                  1.75735879   -2.26069253   -2.68606201 
F                  1.06531314   -2.48136704   -0.65713886 
F                 -0.35827219   -2.20811504   -2.26889943 
H                 -2.65609736   -3.28611490   -0.43382645 
C                 -3.56115875   -0.39453861    1.29262964 
H                 -3.05864125    0.28515830    1.98566540 
H                 -3.90318079    0.17211430    0.42603893 
H                 -4.43291557   -0.81392441    1.80309606 
C                 -2.13393731   -2.30909942    2.11056699 
H                 -2.98523496   -2.75358171    2.63429543 
H                 -1.44483539   -3.10336777    1.81288432 
H                 -1.61484000   -1.64283519    2.80393100 
H                  0.07285989    1.77435799    3.18700828 
H                 -0.91349396    0.47828304    3.86096266 
C                  2.01540492   -0.03826966    1.99217912 
C                  3.16820097   -1.04508603    2.12233387 
H                  3.81661315   -0.73820881    2.95471608 
H                  2.75171991   -2.02061412    2.40221042 
C                  4.00094854   -1.22263584    0.85359427 
H                  4.44713124   -0.28082788    0.51856785 
H                  4.81695806   -1.93289473    1.01584242 
H                  3.37872884   -1.60985532    0.04185314 
C                  2.53186263    1.39811419    1.87114760 
H                  3.02373045    1.70685868    2.80182859 
H                  3.25572033    1.49991929    1.05812929 
H                  1.72230757    2.10454352    1.66719526 
H                  1.45896315   -0.28800712    1.07897609 
 
IRC end-point 
C                 -2.71554360    1.23037003    1.70085332 
C                 -2.24698732   -0.04996422    1.95474114 
C                 -0.93272297   -0.39011337    1.64541934 
C                 -0.06330459    0.55328005    1.08195722 
C                 -0.55393539    1.83732933    0.82178614 
C                 -1.87073533    2.16944707    1.12841632 
H                 -2.90099688   -0.79293172    2.39380920 
H                 -2.23346175    3.16539105    0.90548694 
C                  1.40500569    0.23800533    0.83278429 
O                  2.26139688    0.75629695    1.53005257 
 180 
C                  2.94129970   -1.09791854   -0.63307716 
C                  3.63998131   -1.83092468    0.51812586 
H                  3.81897102   -1.15081874    1.35225960 
H                  4.59939979   -2.23058526    0.17596424 
N                  1.62307508   -0.61658778   -0.18620116 
H                  0.81916138   -0.94753448   -0.69646758 
C                  0.29677664    0.32783544   -3.25041977 
C                 -0.78483573   -0.69541321   -3.23003947 
H                 -1.32990483   -0.68119004   -4.18663587 
H                 -0.34182971   -1.70698366   -3.17842412 
C                  0.32051887    2.92083774    0.22674167 
C                 -0.49704016   -1.82035042    1.86964911 
H                 -3.73946567    1.49280500    1.94127084 
F                  1.19403123    2.44151144   -0.67627699 
F                 -0.43221404    3.83420294   -0.41693818 
F                  1.01858002    3.56969615    1.16112374 
F                 -1.35582880   -2.48025035    2.66091129 
F                 -0.45357912   -2.50284852    0.70077358 
F                  0.71437691   -1.91420972    2.42784202 
H                  3.02111095   -2.66073993    0.87061444 
C                  3.78053393    0.08697531   -1.12503367 
H                  3.27463617    0.59031649   -1.95425950 
H                  3.93266803    0.80608741   -0.31830930 
H                  4.75626110   -0.26471585   -1.47394044 
C                  2.66785963   -2.06697018   -1.78595155 
H                  3.60908764   -2.47539154   -2.16208154 
H                  2.04234620   -2.90240504   -1.45280939 
H                  2.16281231   -1.55313052   -2.61166524 
H                  0.54706134    0.90572967   -2.36785339 
H                  0.90427814    0.47055766   -4.13748620 
C                 -1.79499133   -0.54929521   -2.08048278 
C                 -2.80061727   -1.70961900   -2.10844936 
H                 -3.45574517   -1.58560555   -2.98147496 
H                 -2.25327027   -2.64712785   -2.26776620 
C                 -3.64350248   -1.85148041   -0.84275974 
H                 -4.20619530   -0.94001317   -0.61885423 
H                 -4.36381029   -2.66839310   -0.94273760 
H                 -3.00600762   -2.07347921    0.01769519 
C                 -2.48711856    0.81466991   -2.12522620 
H                 -3.03931749    0.93016455   -3.06539594 
H                 -3.19263562    0.93483041   -1.29884689 
H                 -1.76408882    1.63279924   -2.05965627 
H                 -1.24590736   -0.61502027   -1.13057547 
 
Reaction between 6' and 7 – secondary position 
TS 
C                 -1.25377947   -3.43262425    0.53724514 
C                 -2.21363647   -2.44863555    0.73578100 
C                 -2.02236177   -1.16674505    0.23012854 
C                 -0.85946646   -0.85329291   -0.48900922 
C                  0.07827267   -1.86310611   -0.71600195 
C                 -0.11381204   -3.14212014   -0.19590288 
 181 
H                 -3.11915191   -2.67484766    1.28484706 
H                  0.63435791   -3.90652390   -0.37012261 
C                 -0.67063470    0.53628423   -1.06529516 
O                 -0.92144731    0.74012094   -2.24646110 
C                 -0.12530731    2.89154114   -0.49630155 
C                 -1.49899106    3.46771757   -0.89567869 
H                 -1.86669559    2.98337998   -1.80119698 
H                 -1.40259713    4.54224531   -1.08038737 
N                 -0.36073057    1.48253952   -0.15102599 
H                  0.40581664    0.95247439    0.94652932 
C                  1.00037679    0.57208451    1.96749859 
C                  0.04887442   -0.33044154    2.72480165 
H                  0.37675187   -0.43960650    3.76481754 
H                 -0.96049224    0.08146613    2.73796851 
H                  0.00970541   -1.32974801    2.28025754 
C                  2.33999102   -0.03894540    1.58027130 
C                  1.28703920   -1.65074741   -1.59986800 
C                 -3.10470018   -0.13436163    0.48319987 
H                 -1.40266491   -4.42718336    0.94203857 
F                  1.72549427   -0.38333064   -1.60466596 
F                  2.32080640   -2.41497975   -1.18663578 
F                  1.02877698   -1.99333088   -2.86640211 
F                 -4.25429324   -0.72862840    0.85043381 
F                 -2.78470367    0.72008002    1.47290253 
F                 -3.36992289    0.60030503   -0.60193788 
H                 -2.22234055    3.30883600   -0.09224509 
C                  0.88579350    3.08225514   -1.63463044 
H                  1.87179849    2.70186692   -1.35535778 
H                  0.55368263    2.56731740   -2.53604474 
H                  0.98955173    4.14992061   -1.85269495 
C                  0.36458886    3.61270643    0.76350416 
H                  0.39839913    4.68900842    0.57492738 
H                 -0.30984195    3.42821481    1.60483851 
H                  1.37185707    3.28831362    1.03900200 
H                  1.13549172    1.52876181    2.48546988 
C                  3.18840390    0.94869105    0.77127337 
H                  2.56379025    1.35120274   -0.03024979 
H                  3.45838290    1.79742193    1.41527099 
C                  4.44559481    0.34352785    0.15093463 
H                  5.16513700    0.01888892    0.90816150 
H                  4.18920954   -0.52163152   -0.46704474 
H                  4.95065984    1.07312080   -0.48818363 
C                  3.08115276   -0.52640114    2.83560459 
H                  3.26426539    0.30647851    3.52449600 
H                  2.51082473   -1.29062578    3.36963777 
H                  4.04712542   -0.96423815    2.57151995 
H                  2.14385777   -0.91861667    0.95403464 
 
IRC start-point 
C                 -1.41788624    1.94806365   -2.28494931 
C                 -0.06094716    2.10780412   -2.04636160 
C                  0.69042902    1.06364210   -1.51293675 
C                  0.08208809   -0.16288721   -1.21134574 
C                 -1.28170165   -0.32312956   -1.49162651 
 182 
C                 -2.02392213    0.72844249   -2.02046948 
H                  0.42730522    3.04444460   -2.28609573 
H                 -3.07911310    0.58742029   -2.21832526 
C                  0.87036023   -1.29837540   -0.59311631 
O                  1.07320161   -2.35138979   -1.17680524 
C                  1.69871894   -1.90508317    1.67001487 
C                  3.05704231   -2.54191655    1.27560066 
H                  2.94310654   -3.14923163    0.37680225 
H                  3.39507505   -3.17186128    2.10402778 
N                  1.41360370   -0.95486526    0.61393036 
H                  0.66430523    1.38837607    1.54004805 
C                  0.02603238    2.15436821    1.99476833 
C                  0.44969831    3.52318310    1.46715475 
H                 -0.05880229    4.34048337    1.98696444 
H                  1.52554496    3.67224706    1.58794936 
H                  0.22066892    3.61396547    0.39946738 
C                 -1.43997080    1.78941909    1.72547201 
C                 -1.97891342   -1.65042074   -1.28103252 
C                  2.17919996    1.29913175   -1.33068855 
H                 -1.99907393    2.76797864   -2.69104045 
F                 -1.66718664   -2.20605143   -0.09624996 
F                 -3.31608547   -1.50556495   -1.30145696 
F                 -1.66429506   -2.53101912   -2.23503558 
F                  2.60756643    2.25189806   -2.17977968 
F                  2.49619716    1.71643280   -0.09807430 
F                  2.89843168    0.19784483   -1.58662211 
H                  3.80453797   -1.76653113    1.09199739 
C                  0.63044004   -2.98873136    1.85403059 
H                 -0.32432748   -2.54172855    2.14422529 
H                  0.48733952   -3.56403914    0.93848193 
H                  0.94136919   -3.67060299    2.65068306 
C                  1.87159466   -1.08766687    2.95663569 
H                  2.18754658   -1.74216206    3.77412424 
H                  2.62176902   -0.30564637    2.81501506 
H                  0.92861909   -0.61149727    3.23849198 
H                  0.21071421    2.10500211    3.07754645 
C                 -1.69400036    0.33070515    2.12916206 
H                 -0.97843058   -0.30008898    1.58672135 
H                 -1.46039798    0.21063451    3.19697201 
C                 -3.10715564   -0.17894067    1.85817048 
H                 -3.84475997    0.30958595    2.50097454 
H                 -3.39813705    0.00350496    0.81871738 
H                 -3.17640752   -1.25553994    2.03395740 
C                 -2.40699221    2.75122457    2.42034772 
H                 -2.29260701    2.69135821    3.50973162 
H                 -2.22682533    3.78754440    2.12195157 
H                 -3.44875634    2.52233337    2.17951756 
H                 -1.60744051    1.86436766    0.64000772 
 
IRC end-point 
C                 -0.58931900   -3.58452300    0.02983800 
C                 -1.67839000   -2.82271800    0.43076900 
C                 -1.74919700   -1.47283800    0.10009700 
C                 -0.73121100   -0.86638000   -0.64880600 
 183 
C                  0.35687900   -1.64647800   -1.04868800 
C                  0.42845000   -2.99502000   -0.70493800 
H                 -2.47835700   -3.27465200    1.00384900 
H                  1.28649600   -3.57916000   -1.01585400 
C                 -0.85289000    0.58450900   -1.09335000 
O                 -1.16390400    0.84680800   -2.24360800 
C                 -0.74839900    2.93051100   -0.22330500 
C                 -2.20033200    3.27469500   -0.57833900 
H                 -2.46754900    2.84672000   -1.54606600 
H                 -2.32586600    4.36064600   -0.62611000 
N                 -0.60957200    1.46947500   -0.10733300 
H                 -0.28822500    1.09185300    0.77812200 
C                  1.09037800    0.12796700    2.37898000 
C                  0.32597000   -1.05235100    2.87421300 
H                  0.66974700   -1.36659000    3.87277300 
H                 -0.74248100   -0.83783500    2.95978000 
H                  0.45238700   -1.91142600    2.20630300 
C                  2.41109000   -0.04576700    1.69147300 
C                  1.46576500   -1.08924600   -1.91500900 
C                 -2.93319400   -0.67371500    0.60129400 
H                 -0.53443500   -4.63512000    0.29133900 
F                  1.69226200    0.21493500   -1.70480400 
F                  2.62879600   -1.72750400   -1.66178400 
F                  1.20306000   -1.25270900   -3.21513300 
F                 -3.91631600   -1.47617200    1.03890600 
F                 -2.59421500    0.12032100    1.64096700 
F                 -3.45516600    0.11755700   -0.34185800 
H                 -2.88040200    2.87557500    0.17909300 
C                  0.21530000    3.46967900   -1.28774200 
H                  1.25172700    3.24132800   -1.02167100 
H                 -0.00272900    3.02168800   -2.25842700 
H                  0.11179600    4.55624700   -1.36737200 
C                 -0.39497000    3.50440800    1.15109000 
H                 -0.50292100    4.59188700    1.13944800 
H                 -1.06053400    3.10349800    1.92318400 
H                  0.63952000    3.26844600    1.42152600 
H                  0.88783300    1.09447200    2.84358900 
C                  2.87970000    1.26330400    1.04079100 
H                  2.07963600    1.61738300    0.38339000 
H                  3.00387900    2.02350400    1.82497100 
C                  4.16682100    1.14249700    0.22842100 
H                  5.03243700    0.92512900    0.86082000 
H                  4.08043000    0.34548200   -0.51557600 
H                  4.37560900    2.07413900   -0.30499300 
C                  3.45719000   -0.61411000    2.67286400 
H                  3.66835700    0.10721300    3.47006100 
H                  3.09923500   -1.53765000    3.13697600 
H                  4.39624300   -0.84308300    2.16138200 
H                  2.28276800   -0.79489400    0.89509900 
 
Reaction between 6' and 3-pentyl acetate – primary position 
TS 
 184 
C                 -3.03010670    2.45008197   -1.56408997 
C                 -3.38246305    1.11260664   -1.67330724 
C                 -2.81451391    0.16182570   -0.82819738 
C                 -1.87466525    0.54330206    0.13777893 
C                 -1.54030475    1.89805884    0.24631527 
C                 -2.11258374    2.84311751   -0.60094550 
H                 -4.11144805    0.80071590   -2.41097994 
H                 -1.82930342    3.88448660   -0.50806546 
C                 -1.28703509   -0.45752580    1.11489916 
O                 -1.63119279   -0.41576236    2.28923763 
C                  0.29945018   -2.36533457    1.34479666 
C                 -0.71424828   -3.30746403    2.02453570 
H                 -1.31322579   -2.76263498    2.75461853 
H                 -0.17122822   -4.11041007    2.53249436 
N                 -0.48423846   -1.39510357    0.56834760 
H                  0.10582886   -0.95983524   -0.60361038 
C                  0.54402847   -0.60856944   -1.71810888 
C                  1.20829423    0.74513870   -1.66325567 
H                  1.47049868    1.05355081   -2.68536455 
H                  0.50852620    1.49639072   -1.28759169 
C                 -0.56030386    2.38502776    1.29212785 
C                 -3.23994566   -1.28293939   -1.00376299 
H                 -3.47492492    3.18548397   -2.22478640 
F                  0.46473544    1.53045691    1.46843208 
F                 -0.01182429    3.56134757    0.91918399 
F                 -1.13794642    2.57825733    2.47751761 
F                 -4.40489896   -1.35935839   -1.67268920 
F                 -2.34420992   -1.98917798   -1.71712901 
F                 -3.41631724   -1.91153767    0.16283867 
H                 -1.38057317   -3.74829779    1.27856265 
C                  1.20358134   -1.68744236    2.38006350 
H                  1.97192493   -1.08435764    1.88970682 
H                  0.61564269   -1.06072598    3.05230849 
H                  1.71700701   -2.45132219    2.97225294 
C                  1.14295141   -3.17734133    0.35649513 
H                  1.61843964   -4.00868566    0.88318260 
H                  0.51861724   -3.58092312   -0.44632408 
H                  1.93849968   -2.56407112   -0.07262015 
H                  1.22164990   -1.41945524   -1.99169257 
H                 -0.36096667   -0.63738086   -2.32516178 
C                  2.46990601    0.78423892   -0.81291024 
C                  3.02303614    2.19362445   -0.64107229 
H                  3.19155088    2.63141161   -1.63281383 
H                  2.24317971    2.78937086   -0.15662033 
C                  4.30371513    2.25163284    0.18688574 
H                  5.12455823    1.73272691   -0.31662826 
H                  4.61446754    3.28753434    0.34555499 
H                  4.16094634    1.78145783    1.16375293 
H                  2.27812798    0.33938047    0.16637620 
O                  3.45039768   -0.03262983   -1.49302330 
C                  4.15828712   -0.91940636   -0.77490132 
O                  4.02713361   -1.10222988    0.41316651 
C                  5.12650569   -1.66184975   -1.65771467 
H                  5.78209998   -0.95389419   -2.17017428 
H                  5.71470259   -2.34980029   -1.05300129 
H                  4.57700333   -2.21459823   -2.42403353 
 185 
 
IRC start-point 
C                  1.84263085   -3.00087570   -1.28240833 
C                  2.49935448   -1.83315149   -1.64290645 
C                  2.36994064   -0.68141512   -0.87049043 
C                  1.56643222   -0.68683296    0.27826571 
C                  0.91990220   -1.87648965    0.63796574 
C                  1.06048675   -3.02402574   -0.13686456 
H                  3.13124826   -1.81386538   -2.52221679 
H                  0.54769709   -3.93137882    0.15776051 
C                  1.43567005    0.54353147    1.15352149 
O                  1.91782946    0.57212564    2.27617662 
C                  0.20982745    2.69428728    1.20130004 
C                  1.37178191    3.59057012    1.71017390 
H                  1.93283722    3.07702715    2.49165265 
H                  0.93806991    4.51068231    2.11319802 
N                  0.86779059    1.60472251    0.50725017 
H                 -0.17382677    1.18437397   -1.76844914 
C                 -0.68172679    0.73233313   -2.62577215 
C                 -1.17863634   -0.66913177   -2.28832081 
H                 -1.66162766   -1.12654906   -3.16049746 
H                 -0.33207185   -1.31179012   -2.02263879 
C                  0.07038270   -1.95618470    1.88795486 
C                  3.14578893    0.54494457   -1.31522496 
H                  1.94724884   -3.89349898   -1.88846434 
F                 -0.73957139   -0.88679075    2.00594659 
F                 -0.72312222   -3.04309153    1.86726482 
F                  0.80881808   -2.02904365    2.99719001 
F                  4.20849882    0.18235925   -2.05868880 
F                  2.41092085    1.36807230   -2.07322211 
F                  3.61953690    1.25059323   -0.27980259 
H                  2.04789581    3.84697919    0.89082370 
C                 -0.69058536    2.25635426    2.36204164 
H                 -1.51803168    1.64877522    1.98974727 
H                 -0.12875776    1.69630338    3.11076984 
H                 -1.11419602    3.14533600    2.83837587 
C                 -0.60009864    3.46131511    0.14875474 
H                 -1.02377787    4.36564706    0.59507819 
H                  0.03628266    3.74432220   -0.69405956 
H                 -1.42469274    2.84431738   -0.21503717 
H                 -1.51474824    1.38045177   -2.91370190 
H                  0.02960752    0.70795147   -3.45503110 
C                 -2.15642064   -0.69032033   -1.12224869 
C                 -2.61993404   -2.09215175   -0.74610755 
H                 -3.07239057   -2.56078999   -1.62854138 
H                 -1.72756051   -2.67735062   -0.50146448 
C                 -3.59202874   -2.12383844    0.42981763 
H                 -4.52699615   -1.61363594    0.18137301 
H                 -3.83722672   -3.15382060    0.70189120 
H                 -3.16208208   -1.63200137    1.30524638 
H                 -1.71574231   -0.19617255   -0.25068236 
O                 -3.31536364    0.07701944   -1.52815517 
C                 -3.77854394    1.02992447   -0.71014973 
O                 -3.30536863    1.30358957    0.36999278 
 186 
C                 -4.96655663    1.72380351   -1.32362569 
H                 -5.73096013    0.99070085   -1.59114157 
H                 -5.36892489    2.44865112   -0.61808349 
H                 -4.66031671    2.22963215   -2.24302199 
 
IRC end-point 
C                 -1.85277440    3.05720529   -1.31265737 
C                 -2.53815541    1.89069677   -1.62072452 
C                 -2.37122689    0.75073527   -0.83723455 
C                 -1.50094777    0.76247062    0.26071867 
C                 -0.83734737    1.95416782    0.57617182 
C                 -1.01454960    3.09181303   -0.20666834 
H                 -3.21790624    1.86492211   -2.46344022 
H                 -0.48811714    4.00281998    0.05083227 
C                 -1.31622915   -0.46889381    1.13604662 
O                 -1.77083618   -0.49076736    2.26813200 
C                 -0.33754520   -2.77380916    1.11925662 
C                 -1.65644642   -3.48510605    1.44477174 
H                 -2.22246728   -2.92019320    2.18734264 
H                 -1.45136288   -4.48348742    1.84296355 
N                 -0.62861083   -1.45467536    0.52930107 
H                 -0.28056607   -1.27812298   -0.40702798 
C                  0.61848685   -0.75827473   -2.48965428 
C                  1.17270114    0.59910506   -2.24162604 
H                  1.66478462    0.98157737   -3.15273316 
H                  0.36686927    1.30600675   -2.01416994 
C                  0.05111753    2.05824932    1.79957089 
C                 -3.17378884   -0.48488240   -1.19439068 
H                 -1.98405461    3.94282054   -1.92391842 
F                  0.84671929    0.98523289    1.94356885 
F                  0.86414390    3.13220789    1.71013777 
F                 -0.65725836    2.19759559    2.92012834 
F                 -4.19699858   -0.17674502   -2.00815549 
F                 -2.43513530   -1.40833438   -1.84430628 
F                 -3.68791586   -1.08164048   -0.11478869 
H                 -2.26684711   -3.58668540    0.54268044 
C                  0.52760853   -2.60040855    2.37282574 
H                  1.46065514   -2.09282050    2.11640453 
H                 -0.00561589   -2.01506233    3.12402596 
H                  0.76606687   -3.58150938    2.79573221 
C                  0.43369409   -3.55424309    0.05208085 
H                  0.65390865   -4.56077805    0.41678414 
H                 -0.15587740   -3.64548119   -0.86717336 
H                  1.38252354   -3.05811924   -0.17256506 
H                  1.27376409   -1.62341788   -2.45995946 
H                 -0.36420683   -0.88300317   -2.92711876 
C                  2.19346431    0.64074623   -1.10602381 
C                  2.72381701    2.04139283   -0.83151838 
H                  3.16910440    2.43827741   -1.75203780 
H                  1.86512241    2.67741136   -0.59317857 
C                  3.73065020    2.09044633    0.31380251 
H                  4.62964234    1.51655545    0.07127428 
H                  4.03681795    3.11982081    0.51678703 
H                  3.29937023    1.67607851    1.22797726 
 187 
H                  1.76307161    0.21748901   -0.19475480 
O                  3.30110981   -0.19664974   -1.50660200 
C                  3.70514091   -1.16854071   -0.67266057 
O                  3.19401854   -1.41251800    0.39552895 
C                  4.87800257   -1.91133530   -1.25609118 
H                  5.70720267   -1.21939809   -1.42294678 
H                  5.18319418   -2.70213893   -0.57311750 
H                  4.60483381   -2.33541018   -2.22547660 
 
Reaction between 6' and 3-pentyl acetate – secondary position 
TS 
C                 -0.16425198   -3.44039478    0.61694368 
C                  0.99814855   -3.17329744   -0.09333923 
C                  1.57295220   -1.90603621   -0.05131807 
C                  0.99147829   -0.89256278    0.72174374 
C                 -0.14568564   -1.19201016    1.47696780 
C                 -0.73235355   -2.45295440    1.40774660 
H                  1.46155384   -3.94856723   -0.69093612 
H                 -1.64105137   -2.65024486    1.96196499 
C                  1.61037563    0.48842123    0.76997426 
O                  2.31432142    0.81525725    1.71560301 
C                  1.87731083    2.61700903   -0.48406162 
C                  3.41458429    2.54806763   -0.58337979 
H                  3.83939104    2.16468188    0.34501082 
H                  3.81176695    3.55063675   -0.77070489 
N                  1.41504072    1.22751979   -0.35032974 
H                  0.21961242    0.90987691   -1.00758852 
C                 -0.80865411    0.65238374   -1.68371098 
C                 -0.64450178   -0.73207536   -2.26971121 
H                 -1.37387844   -0.87549885   -3.07518887 
H                  0.35209019   -0.86742326   -2.69013718 
H                 -0.82110775   -1.50620024   -1.51937733 
C                 -2.02110864    0.83179432   -0.78946183 
H                 -1.94430113    0.17190100    0.07530282 
C                 -0.72965693   -0.19424328    2.45229626 
C                  2.82582382   -1.66220871   -0.86828050 
H                 -0.62342404   -4.42049719    0.56003084 
F                 -0.63181277    1.07844938    2.02023282 
F                 -2.03820691   -0.42611004    2.66145294 
F                 -0.11943936   -0.25794142    3.63991637 
F                  3.41421334   -2.82481116   -1.20072954 
F                  2.57263280   -1.01864798   -2.02414480 
F                  3.73278359   -0.93546685   -0.20580122 
H                  3.70964473    1.88993026   -1.40438101 
C                  1.45209720    3.51302667    0.68645320 
H                  0.36297851    3.57558823    0.75884239 
H                  1.84254444    3.12991270    1.62906898 
H                  1.83544612    4.52584886    0.52784721 
C                  1.32338668    3.17919326   -1.79730250 
H                  1.78523631    4.14920545   -1.99888444 
H                  1.54457226    2.50917335   -2.63329057 
H                  0.24162177    3.33054143   -1.73999282 
 188 
H                 -0.75323919    1.43043696   -2.45107202 
C                 -2.25993028    2.26620169   -0.35101666 
H                 -1.33760780    2.62067467    0.11679044 
H                 -2.42882877    2.88455850   -1.24110228 
C                 -3.42209033    2.40169036    0.62753342 
H                 -4.35776469    2.06680021    0.17112456 
H                 -3.24292417    1.79856319    1.52167016 
H                 -3.55248438    3.44117121    0.93892871 
O                 -3.18862072    0.40869175   -1.53681576 
C                 -3.76117186   -0.76240886   -1.20228507 
O                 -3.35885479   -1.50043020   -0.33390375 
C                 -4.96918447   -1.01974239   -2.06379740 
H                 -5.68815885   -0.20511491   -1.94828130 
H                 -4.67317017   -1.04946870   -3.11540908 
H                 -5.42551394   -1.96564358   -1.77729896 
 
IRC start-point 
C                  1.43848337   -0.37764373   -2.67395610 
C                  0.61185130   -1.43198585   -2.31974024 
C                 -0.54300885   -1.20594393   -1.57291428 
C                 -0.88745195    0.09407712   -1.18049019 
C                 -0.06796989    1.15707425   -1.58782105 
C                  1.08928327    0.91814533   -2.32103801 
H                  0.85856238   -2.44250289   -2.62230031 
H                  1.73017231    1.74596443   -2.59502390 
C                 -2.10307914    0.35475004   -0.31793323 
O                 -3.08062318    0.96495408   -0.72069530 
C                 -2.70050741    0.19594282    2.08689888 
C                 -4.15426048   -0.32473624    1.93542169 
H                 -4.65559945    0.18918584    1.11450362 
H                 -4.68796062   -0.13196932    2.87102672 
N                 -2.01377423   -0.27003310    0.89878782 
H                  0.23330691   -1.55201516    1.44907299 
C                  1.30687697   -1.61296115    1.65633910 
C                  1.89537111   -2.85095117    0.98747602 
H                  2.95356817   -2.96635216    1.23819913 
H                  1.36905807   -3.75482827    1.30306992 
H                  1.81400222   -2.77889608   -0.10170706 
C                  1.93623702   -0.31721500    1.17002723 
H                  1.84244912   -0.24175192    0.08401914 
C                 -0.43198999    2.59039232   -1.26856296 
C                 -1.40371391   -2.41028407   -1.24260144 
H                  2.35786949   -0.56087467   -3.21575307 
F                 -0.79036015    2.74409322    0.02211411 
F                  0.60407708    3.41880543   -1.48257481 
F                 -1.44725801    3.02559938   -2.01977108 
F                 -1.23908778   -3.37175006   -2.16932256 
F                 -1.09086699   -2.96312619   -0.06069037 
F                 -2.70996702   -2.11222909   -1.21776154 
H                 -4.15754143   -1.39978531    1.74053659 
C                 -2.69172448    1.71771092    2.27376101 
H                 -1.66981742    2.08446797    2.40357915 
H                 -3.14294644    2.22562801    1.42074494 
H                 -3.25863761    1.97339585    3.17347304 
 189 
C                 -2.03130646   -0.50032130    3.27888698 
H                 -2.56878360   -0.26151637    4.20110601 
H                 -2.03026141   -1.58416637    3.13803889 
H                 -0.99555240   -0.16658125    3.38799912 
H                  1.42102887   -1.67976023    2.74554519 
C                  1.33808588    0.92275902    1.82092031 
H                  0.28147083    0.95513001    1.53098419 
H                  1.36553577    0.80760293    2.91192138 
C                  2.02664193    2.22113517    1.41271245 
H                  3.04932996    2.25594317    1.79832058 
H                  2.07767404    2.31655926    0.32513339 
H                  1.48869882    3.08871019    1.80221850 
O                  3.34959209   -0.36596799    1.47826839 
C                  4.22679925   -0.15182487    0.48636242 
O                  3.92889333    0.08840323   -0.66161567 
C                  5.63863029   -0.25069688    1.00374859 
H                  5.79760921    0.49481512    1.78691072 
H                  5.80285929   -1.23459297    1.44984456 
H                  6.33910544   -0.08776378    0.18643561 
 
IRC end-point 
C                 -0.63755208   -3.20042305    0.96061716 
C                  0.52312125   -3.17331566    0.20168401 
C                  1.28969597   -2.01235183    0.13354589 
C                  0.91143888   -0.86727348    0.84533534 
C                 -0.25100754   -0.91661913    1.62172302 
C                 -1.02788587   -2.07075424    1.66511153 
H                  0.83544642   -4.05163458   -0.34967392 
H                 -1.94885007   -2.07373996    2.23341704 
C                  1.76765491    0.39016007    0.82234513 
O                  2.45446738    0.69308789    1.78333953 
C                  2.44026860    2.28167064   -0.68085499 
C                  3.93673615    1.94554731   -0.67298883 
H                  4.25047375    1.63288841    0.32437601 
H                  4.51965917    2.82372036   -0.96693207 
N                  1.66585646    1.07949107   -0.33362512 
H                  1.03576606    0.70667134   -1.03298223 
C                 -1.04179654    0.23197663   -2.06587043 
C                 -1.04897838   -1.22424359   -2.37239891 
H                 -1.77438739   -1.45219987   -3.16875735 
H                 -0.07158931   -1.56769027   -2.72080193 
H                 -1.33943850   -1.80794137   -1.49445872 
C                 -1.98706008    0.79742121   -1.06163331 
H                 -1.87871108    0.27013548   -0.10915833 
C                 -0.68354467    0.26149062    2.46737764 
C                  2.51022000   -2.01087776   -0.75903012 
H                 -1.24460116   -4.09750911    0.99591520 
F                 -0.44106897    1.44191304    1.86749897 
F                 -2.00780071    0.22185318    2.70690807 
F                 -0.06556472    0.27703465    3.65140239 
F                  2.87695369   -3.25731585   -1.09399052 
F                  2.27789089   -1.35528970   -1.92062013 
F                  3.56730338   -1.42388830   -0.18683168 
H                  4.14657139    1.13383264   -1.37487663 
 190 
C                  2.12855510    3.40947530    0.31027740 
H                  1.06235244    3.65507802    0.29244115 
H                  2.39916793    3.10989992    1.32376931 
H                  2.69376893    4.30752199    0.04264528 
C                  2.00000094    2.68085968   -2.09167418 
H                  2.55805326    3.56051965   -2.42185818 
H                  2.19038743    1.87033785   -2.80374046 
H                  0.93319645    2.92820378   -2.11658379 
H                 -0.57900363    0.91681751   -2.77587198 
C                 -1.84538798    2.29693325   -0.85329594 
H                 -0.82155273    2.46941491   -0.50427534 
H                 -1.94972988    2.80475110   -1.81997899 
C                 -2.84057770    2.86079791    0.15578137 
H                 -3.86700326    2.73621056   -0.19892694 
H                 -2.74633353    2.35224207    1.11854133 
H                 -2.66564798    3.92730599    0.31883772 
O                 -3.35500493    0.54338952   -1.51338635 
C                 -4.03690677   -0.44849731   -0.91975481 
O                 -3.58752152   -1.18025299   -0.06709257 
C                 -5.44196628   -0.51931069   -1.45902150 
H                 -5.97641408    0.40083761   -1.20900176 
H                 -5.42157697   -0.60174082   -2.54804971 
H                 -5.95611590   -1.37492465   -1.02448070 
 
Reaction between 3' and 3-pentyl acetate – primary position 
TS 
C                  1.94824818   -1.30393669    0.81079544 
C                  1.10387002   -0.39825878    1.44318204 
C                 -0.27347681   -0.50808563    1.30275982 
C                 -0.81592367   -1.51173890    0.50354629 
C                  0.02394065   -2.43139351   -0.11727914 
C                  1.40185059   -2.31877341    0.03279391 
C                 -2.29908478   -1.62975769    0.28080492 
O                 -2.81361566   -2.72822545    0.11125982 
C                 -4.39791171   -0.32326538   -0.00819694 
C                 -5.20910249   -1.11938236    1.03134382 
H                 -4.98930379   -2.18458691    0.96008780 
H                 -6.27637847   -0.96056006    0.84917373 
N                 -2.97553575   -0.43657345    0.35138628 
H                 -2.28689962    0.47388141   -0.35486866 
C                 -1.58896623    1.20256719   -1.11766119 
C                 -1.17356425    2.40643576   -0.30322837 
H                 -1.99619772    3.12710466   -0.24918590 
H                 -0.93999514    2.11339919    0.72471578 
H                  3.02320412   -1.21795861    0.91797589 
H                 -4.97534532   -0.77376793    2.04219427 
C                 -4.68613391   -0.83094607   -1.42689157 
H                 -4.10278057   -0.26751412   -2.16241489 
H                 -4.43779214   -1.88935183   -1.51655913 
H                 -5.74606989   -0.69757027   -1.66365474 
C                 -4.76472755    1.16099175    0.11077313 
H                 -5.83941670    1.29318154   -0.04102629 
 191 
H                 -4.50171291    1.54354767    1.10100906 
H                 -4.24511502    1.76176812   -0.64203236 
H                 -0.41154270   -3.22354736   -0.71620823 
H                 -0.93725925    0.18526331    1.80436903 
C                  2.31405850   -3.24751275   -0.72292887 
C                  1.69504863    0.67438252    2.31779835 
F                  0.85847528    1.71646502    2.46975982 
F                  1.97049905    0.21026828    3.54735820 
F                  2.84619046    1.14826305    1.81180600 
F                  3.49461186   -3.40115165   -0.10456506 
F                  2.57547768   -2.76602144   -1.95611252 
F                  1.77188355   -4.46111483   -0.88291712 
H                 -2.21241299    1.42272475   -1.98556170 
H                 -0.77054098    0.53508499   -1.38836966 
C                  0.06254638    3.11839230   -0.85998529 
H                 -0.09407510    3.38794389   -1.90862589 
C                  0.44470018    4.34360463   -0.03816603 
H                 -0.41877372    5.01847979   -0.01973508 
H                  0.62765106    4.02618836    0.99438313 
C                  1.66728140    5.07177419   -0.58943831 
H                  1.89650089    5.95731639    0.00881101 
H                  2.54431438    4.41953790   -0.57535941 
H                  1.50193340    5.39511112   -1.62227565 
O                  1.18077543    2.20903422   -0.79968270 
C                  1.62551017    1.67250659   -1.95290233 
O                  1.09640552    1.84063895   -3.02611876 
C                  2.85440201    0.83273090   -1.72793710 
H                  3.23027359    0.94114477   -0.71192273 
H                  2.61172365   -0.21490158   -1.92073543 
H                  3.61660606    1.13012956   -2.45061430 
 
IRC start-point 
C                 -1.07079302    1.61914833    0.96413801 
C                 -0.46451450    0.51447443    1.54779217 
C                  0.88110752    0.25012184    1.32208842 
C                  1.62500949    1.09947113    0.50545240 
C                  1.02541897    2.21437979   -0.07547478 
C                 -0.32260889    2.46281823    0.14849653 
C                  3.06410024    0.82816103    0.20321077 
O                  3.83009150    1.70651214   -0.17352157 
C                  4.45268922   -1.15952350   -0.32973846 
C                  5.80859668   -0.89839576    0.36776785 
H                  6.06400503    0.16129854    0.30745837 
H                  6.58260196   -1.48426526   -0.13739625 
N                  3.46790097   -0.45753468    0.47461853 
H                  1.50418023   -1.02961397   -1.69901780 
C                  0.42920216   -1.18037187   -1.83120572 
C                 -0.07354501   -2.30681014   -0.93535791 
H                  0.42854510   -3.24741367   -1.19157455 
H                  0.16889225   -2.09530072    0.11126123 
H                 -2.11936875    1.82338317    1.14194633 
H                  5.76731106   -1.19774780    1.41758270 
C                  4.52376739   -0.72761283   -1.80043520 
H                  3.56587074   -0.88862259   -2.30410039 
 192 
H                  4.79672269    0.32378354   -1.89362863 
H                  5.27554443   -1.33120530   -2.31670268 
C                  4.09160008   -2.64949043   -0.22513502 
H                  4.84728056   -3.25098773   -0.73829050 
H                  4.04048037   -2.96157691    0.82079387 
H                  3.12158937   -2.84418027   -0.69292240 
H                  1.62159442    2.86989513   -0.70047841 
H                  1.36024674   -0.61094411    1.77308981 
C                 -1.00108726    3.60941894   -0.55239159 
C                 -1.25182769   -0.36372429    2.48344822 
F                 -0.80522645   -1.63312354    2.46305113 
F                 -1.14716656    0.06451978    3.75268269 
F                 -2.55734949   -0.38462224    2.18055248 
F                 -2.04301385    4.07735695    0.15121013 
F                 -1.47968853    3.22247537   -1.75310962 
F                 -0.16157266    4.62818720   -0.77392499 
H                  0.24269878   -1.39843818   -2.88736196 
H                 -0.07008353   -0.23864953   -1.58647056 
C                 -1.57506793   -2.53696732   -1.05290308 
H                 -1.84034010   -2.77974682   -2.08638994 
C                 -2.09182488   -3.61958973   -0.11242037 
H                 -1.56517439   -4.54902679   -0.35993969 
H                 -1.81139730   -3.35648939    0.91286987 
C                 -3.60043266   -3.83395409   -0.20298240 
H                 -3.91318782   -4.66859342    0.42996754 
H                 -4.13917365   -2.94320847    0.13228235 
H                 -3.91084085   -4.04582205   -1.23033519 
O                 -2.23023063   -1.29210858   -0.72070721 
C                 -3.13726320   -0.80596776   -1.58978617 
O                 -3.43751633   -1.33674477   -2.63208479 
C                 -3.70421599    0.49826089   -1.09590960 
H                 -3.85064409    0.46686430   -0.01539027 
H                 -3.00068720    1.30274953   -1.32757912 
H                 -4.64443570    0.69910828   -1.60757580 
 
IRC end-point 
C                 -1.34121800    1.74943700    0.85545500 
C                 -0.78834000    0.61315200    1.43509700 
C                  0.55628200    0.31467900    1.25268400 
C                  1.35795300    1.14763300    0.47324600 
C                  0.81161400    2.29514100   -0.09286300 
C                 -0.53599800    2.58530200    0.09113600 
C                  2.82357700    0.87644500    0.23495400 
O                  3.60575600    1.80471800    0.08456100 
C                  4.50200300   -0.95816900   -0.10111200 
C                  5.50913700   -0.43870600    0.93035900 
H                  5.58125600    0.64853300    0.88446900 
H                  6.49549900   -0.86768600    0.72986200 
N                  3.15759300   -0.44013100    0.21209900 
H                  2.39776700   -1.08485900    0.02318100 
C                  0.84535300   -1.97243900   -1.44368000 
C                  0.08032400   -2.82549700   -0.49333400 
H                  0.49918800   -3.83638600   -0.45690900 
H                  0.12815500   -2.41712100    0.52460700 
 193 
H                 -2.38918700    1.98408600    0.99976100 
H                  5.20434200   -0.72944500    1.94001100 
C                  4.91173700   -0.54488200   -1.52112000 
H                  4.18941600   -0.92298000   -2.25189000 
H                  4.95718200    0.54265600   -1.60147100 
H                  5.89560800   -0.95674200   -1.76562800 
C                  4.39825600   -2.48325100   -0.00507500 
H                  5.36680000   -2.93953500   -0.22442100 
H                  4.09278200   -2.79106500    0.99995700 
H                  3.67021700   -2.87361800   -0.72555200 
H                  1.45521900    2.95196600   -0.66764600 
H                  0.98475100   -0.55737000    1.73345600 
C                 -1.13752500    3.77626900   -0.60641600 
C                 -1.65263400   -0.24784400    2.31635300 
F                 -1.10837300   -1.46325600    2.51961600 
F                 -1.82548700    0.31013500    3.52548900 
F                 -2.87350500   -0.43200400    1.79191700 
F                 -2.27740700    4.17640400   -0.02364300 
F                 -1.43101700    3.48129200   -1.88947400 
F                 -0.29734700    4.81846900   -0.62669000 
H                  1.43301300   -2.41327700   -2.24168200 
H                  0.59942500   -0.91849600   -1.53339200 
C                 -1.41331300   -2.94317900   -0.84712900 
H                 -1.52433600   -3.34521300   -1.85779100 
C                 -2.18926000   -3.78609600    0.15720700 
H                 -1.73587600   -4.78406900    0.17582000 
H                 -2.05952900   -3.35479900    1.15497700 
C                 -3.67439400   -3.88961400   -0.17842400 
H                 -4.19029600   -4.53943200    0.53311200 
H                 -4.14678200   -2.90473400   -0.13830400 
H                 -3.82634500   -4.29849300   -1.18254700 
O                 -1.98339000   -1.62124700   -0.83244700 
C                 -2.33072500   -1.07030400   -2.01325400 
O                 -2.14253500   -1.59067900   -3.08632200 
C                 -2.96320900    0.28038600   -1.81257400 
H                 -3.41008400    0.35956400   -0.82170500 
H                 -2.19913200    1.05531600   -1.91556900 
H                 -3.71034500    0.44163400   -2.58971400 
 
Reaction between 3' and 3-pentyl acetate – secondary position 
TS 
C                 -2.32674177    0.49446523   -1.02869575 
C                 -1.36207284    1.48937400   -0.94471247 
C                 -0.01281858    1.17718478   -1.07234161 
C                  0.37288538   -0.13794053   -1.30419763 
C                 -0.59033943   -1.13742061   -1.41025426 
C                 -1.93182371   -0.82157665   -1.25045945 
C                  1.81687041   -0.51479056   -1.46281051 
O                  2.13475416   -1.44891146   -2.19027714 
C                  4.13375309    0.06129877   -0.78181929 
C                  4.62835778    0.18182715   -2.23737770 
H                  4.24076736   -0.63073675   -2.85089241 
 194 
H                  5.72200285    0.14689868   -2.24396607 
N                  2.68241216    0.30612004   -0.78130657 
H                  2.21763116    0.36298920    0.51003683 
C                  1.96380585    0.37362981    1.75054073 
C                  1.56425351    1.79772172    2.06200033 
H                  1.40787864    1.91565966    3.14113791 
H                  2.34113915    2.49855991    1.74703757 
H                  0.62958005    2.06538970    1.56451850 
C                  0.97585489   -0.70380470    2.15301767 
H                 -3.37689821    0.73948310   -0.92420754 
H                  4.31184292    1.13604524   -2.66804244 
C                  4.50533767   -1.31009625   -0.20262802 
H                  4.18931038   -1.38991635    0.84216337 
H                  4.03257621   -2.10958441   -0.77531138 
H                  5.59021126   -1.44879023   -0.23549226 
C                  4.78023316    1.18717167    0.03529779 
H                  5.86956695    1.10714086   -0.01851488 
H                  4.48279245    2.16290241   -0.35874087 
H                  4.49798313    1.14238370    1.09033589 
H                 -0.27467044   -2.15530250   -1.61107148 
H                  0.74540960    1.94890075   -1.00361692 
C                 -2.96022871   -1.91822089   -1.23335589 
C                 -1.75941081    2.90736283   -0.64325586 
F                 -1.60296062    3.18175247    0.67354231 
F                 -1.00676035    3.79153899   -1.31120828 
F                 -3.04345552    3.14965119   -0.93959214 
F                 -3.12362302   -2.40060225    0.02014014 
F                 -2.60829291   -2.95343810   -2.00535223 
F                 -4.16279229   -1.48750101   -1.64175356 
H                  2.94530089    0.11564903    2.16041343 
C                  1.25867306   -2.08700620    1.57032525 
H                  2.22469119   -2.41489631    1.97187890 
H                  1.38302016   -2.03064570    0.48577003 
C                  0.17206918   -3.10280608    1.91145576 
H                 -0.77098321   -2.83758409    1.42661817 
H                  0.45742309   -4.10166136    1.57233031 
H                 -0.00360644   -3.14779546    2.99116518 
H                  1.01375910   -0.77096954    3.24789121 
O                 -0.36458870   -0.31156304    1.81309340 
C                 -1.19711181   -0.02816939    2.84147961 
O                 -0.85862508   -0.02461192    4.00066643 
C                 -2.57930673    0.28855649    2.34682485 
H                 -2.55716318    1.24185029    1.81414558 
H                 -2.91647682   -0.48237456    1.65203826 
H                 -3.25477165    0.36108048    3.19747211 
 
IRC start-point 
C                 -1.99209692    0.26575769   -1.36303592 
C                 -0.99510345    1.23367382   -1.39496697 
C                  0.34430158    0.86705469   -1.36450228 
C                  0.68719862   -0.48216626   -1.30557272 
C                 -0.30731989   -1.45599373   -1.26080650 
C                 -1.64241591   -1.07763746   -1.28148919 
C                  2.11424755   -0.93142128   -1.28734840 
 195 
O                  2.42543632   -2.09813834   -1.50076873 
C                  4.30975910   -0.13892645   -0.45544923 
C                  5.27837601   -0.61935878   -1.56470044 
H                  4.97085728   -1.59864892   -1.93480597 
H                  6.28427501   -0.69143474   -1.13998053 
N                  3.03821488    0.07397493   -1.12324120 
H                  1.69833674    0.74804388    1.05228984 
C                  1.42423314    0.94420662    2.09589300 
C                  0.95398876    2.38806718    2.24014905 
H                  0.62548693    2.59528625    3.26328020 
H                  1.75795495    3.08686690    1.99245140 
H                  0.11465118    2.58934149    1.57044315 
C                  0.39247779   -0.08313650    2.54933900 
H                 -3.03546000    0.55532008   -1.40852062 
H                  5.29677734    0.08993064   -2.39550607 
C                  4.27351209   -1.15444722    0.69421055 
H                  3.57848504   -0.82964866    1.47279702 
H                  3.97317839   -2.14249938    0.34394649 
H                  5.26877845   -1.22977013    1.14124606 
C                  4.75847220    1.23701653    0.05808948 
H                  5.75867653    1.16252448    0.49425953 
H                  4.78163494    1.96392618   -0.75751098 
H                  4.07435254    1.60264784    0.82949869 
H                 -0.01914410   -2.50046927   -1.21894719 
H                  1.12524973    1.61711681   -1.40760172 
C                 -2.72200863   -2.12018419   -1.17091019 
C                 -1.38088212    2.68766724   -1.43157888 
F                 -1.64814828    3.15592947   -0.19209629 
F                 -0.40629956    3.45464955   -1.93571330 
F                 -2.48627754    2.88860467   -2.16412173 
F                 -3.07053488   -2.32523494    0.11870292 
F                 -2.33101394   -3.30212295   -1.66168500 
F                 -3.83762659   -1.75148504   -1.81783918 
H                  2.32993169    0.78104586    2.69332664 
C                  0.80344761   -1.52337208    2.26116409 
H                  1.69322284   -1.73622666    2.86607594 
H                  1.11204914   -1.61696854    1.21413087 
C                 -0.29529953   -2.53729875    2.56640467 
H                 -1.14278189   -2.40372068    1.88952240 
H                  0.07389377   -3.55919870    2.44682380 
H                 -0.66218416   -2.42494462    3.59151419 
H                  0.20574677    0.03644050    3.62027575 
O                 -0.85363830    0.18460967    1.87059109 
C                 -1.91709995    0.50692182    2.63734555 
O                 -1.88615074    0.59720328    3.84122094 
C                 -3.13913161    0.73693571    1.79191939 
H                 -2.94935767    1.55320878    1.09225707 
H                 -3.36003300   -0.16383685    1.21591817 
H                 -3.98009232    0.98522771    2.43700672 
 
IRC end-point 
C                 -2.16615939    0.17818334   -1.24758432 
C                 -1.23201160    1.20115480   -1.33645112 
C                  0.12959734    0.91538715   -1.34383085 
 196 
C                  0.56147758   -0.40511819   -1.27495084 
C                 -0.37276778   -1.43504549   -1.19810046 
C                 -1.72789332   -1.13957581   -1.16541210 
C                  2.01964714   -0.78592775   -1.31197700 
O                  2.36947303   -1.84950064   -1.80470158 
C                  4.30665576   -0.05263297   -0.59004712 
C                  4.96466322   -0.28158056   -1.95506338 
H                  4.59482392   -1.19921659   -2.41339075 
H                  6.04898883   -0.35854020   -1.83101823 
N                  2.85495768    0.13538265   -0.76293630 
H                  2.41961547    0.76534698   -0.09869045 
C                  1.54668936    0.93751757    2.12451872 
C                  1.08833122    2.34272975    1.93972050 
H                  0.75446046    2.77679687    2.89496308 
H                  1.88723274    2.97860227    1.54802215 
H                  0.23161202    2.39970917    1.26090438 
C                  0.60315272   -0.14991240    2.52313323 
H                 -3.22617331    0.40258590   -1.25150839 
H                  4.75210180    0.55701316   -2.62464214 
C                  4.57771123   -1.23382175    0.35169965 
H                  4.11847293   -1.05629906    1.32974826 
H                  4.16486585   -2.15367339   -0.06709613 
H                  5.65425689   -1.36540535    0.49657423 
C                  4.83484232    1.24756152    0.02342575 
H                  5.91576719    1.18018699    0.17005430 
H                  4.62891430    2.09921067   -0.63222338 
H                  4.37769884    1.44211308    1.00022347 
H                 -0.02010655   -2.45989457   -1.17049186 
H                  0.84818979    1.72218716   -1.43871011 
C                 -2.73488398   -2.24214773   -0.98296933 
C                 -1.69199939    2.63221676   -1.37688920 
F                 -1.77503549    3.15165476   -0.12957058 
F                 -0.84608157    3.41257117   -2.06284931 
F                 -2.90737608    2.75552580   -1.92694384 
F                 -3.01274527   -2.42943259    0.32731598 
F                 -2.29495720   -3.41228258   -1.45936302 
F                 -3.89897389   -1.96021969   -1.58703875 
H                  2.59033356    0.75404932    2.37455470 
C                  1.08271329   -1.55023140    2.13989822 
H                  2.01714521   -1.72996276    2.68476029 
H                  1.33697989   -1.57730616    1.07728772 
C                  0.06487838   -2.63925977    2.46174539 
H                 -0.84359850   -2.50811461    1.86910780 
H                  0.47492814   -3.62815310    2.24150886 
H                 -0.21669090   -2.61792838    3.51977744 
H                  0.45753253   -0.11207659    3.61365601 
O                 -0.69326291    0.06536282    1.92938596 
C                 -1.63859667    0.61568449    2.72095792 
O                 -1.43366279    0.99729798    3.84858067 
C                 -2.95878936    0.70517665    2.00817571 
H                 -2.90478015    1.50711765    1.26815700 
H                 -3.17475035   -0.22887101    1.48793574 
H                 -3.73992594    0.93506153    2.73101916 
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2.7.8 Spectra 
 
 198 
 
 199 
 
 200 
 
 201 
 
 202 
 
 203 
 
 204 
 
 205 
 
 206 
 
 207 
 
 208 
 
 209 
 
 210 
 
 211 
 
 212 
 
 213 
 
 214 
 
 215 
 
 216 
 
 217 
 
 218 
 
 219 
 
 220 
 
 221 
 
 222 
 
 223 
 
 224 
 
CHAPTER 3 Primary Selective C-H Functionalization of Polyolefins 
3.1 Introduction 
Polyolefins account for more than 50% of all polymers produced, and as of 2015 more than 
178 million tons are produced annually.75 Although they are heavily used in a variety of 
applications, their hydrophobic nature limits their ability to be blended with more polar polymers, 
as well as limits their applications in coatings and adhesives due to their lack of functionality. 
There are four main methods to avoid these short comings of polyolefins and incorporate 
functionality to improve their properties. The first three methods are very similar and involve co-
polymerization of an olefin monomer with another monomer possessing either: (1) the desired 
functional group, (2) a protected version of the desired functional group, or (3) a functional group 
with latent reactivity that can be converted into the desired functional group. While useful, the 
major disadvantage to these methods is the need to tune reaction conditions for each comonomer 
with the desired functionality. The fourth method is to functionalize the polyolefin with the desired 
functionality directly. This method is known as post-polymerization functionalization. Its 
advantage is the ability to use cheap, readily-available polyolefins and directly functionalize them 
to create new materials with more desirable properties. 
Many groups have taken advantage of the variety of methods developed in aliphatic C-H 
functionalization and applied them to the functionalization of polyolefins. In industry, this is most 
commonly achieved through radical C-H functionalization using organic peroxide intitators 
(Figure 3.1).76 The organic peroxides undergo thermal homolysis and the formed oxygen-centered 
radical abstracts a hydrogen-atom from the polymer backbone. Then, the resulting polymeric 
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radical is trapped with maleic anhydride. Maleic anhydride is a common alkene trap due to its 
aversion to homopolymerization.77 Although this method is widely used, many branched 
polyolefins undergo abstraction preferentially at the tertiary position, leading to β-scission 
decreasing the molecular weight and increasing the dispersity (Ð), or the deviation from uniformity 
of a given polymer. This can degrade the desirable properties of the polymer. 
 
Figure 3.1 Maleic anhydride grafting of branched polyolefins and competing chain scission. 
 
Another method used to functionalize polyolefins is the use of carbenes (Figure 3.2). Using 
either heat78 or a transition-metal catalyst,79 clean C-H insertion is observed with ethyl 
diazoacetate. The reaction is highly regioselective for tertiary C-H bonds, but will insert into 
secondary C-H bonds in the case of high-density polyethylene. 
 
Figure 3.2 Copper-catalyzed carbene insertion into branched polyolefins.  
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Desaturation of polyolefins was disclosed by Coates and Goldman. Using an iridium-
pincer complex, they observed desaturation favoring side-chain functionalization.80 This is 
illustrated in the comparison in the reactions of polyhexane (18% desaturation) and polyethene 
(4% desaturation).  
 
Figure 3.3 Hydroxylation of branched polyolefins via a primary selective C-H borylation. 
 
 
Hydroxylation of polyolefins has been achieved a number of ways. Hartwig and Hillmyer 
developed a two-step process with initial rhodium-catalyzed C-H borylation followed by oxidation 
to the corresponding alcohol (Figure 3.3).81,82 The reaction was site-selective for primary C-H 
bonds. Hillmyer and Boaen were able to oxidize polyethylene-alt-propylene using a manganese 
porphyrin catalyst with four 2,6-dichlorophenyl substituents and oxone as the oxidant (Figure 
3.4).83 The major oxidation product was tertiary alcohols, although minor amounts of secondary 
ketones were also observed. Recently, Hartwig et al. have disclosed a nickel-catalyzed system that 
favors secondary hydroxylation, but ketone and chloride incorporation is also observed.84 
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Figure 3.4 Polyolefin hydroxylation using a manganese porphyrin catalyst. 
 
 
While metal-catalyzed polyolefin functionalizations are valuable for their unique 
reactivity, they are not without disadvantages. One consideration is the high cost of metal catalysts 
and reagents. A second consideration is undesirable oxidative degradation caused by residual trace 
metals. More recently, work has been done to accomplish metal-free polyolefin functionalization. 
For example, Biewalski developed a metal-free azidation using azidoiodinane. In this report, 
tertiary-selective azidation of polypropylene was achieved in 3%, but chain cleavage was 
observed.85  Polyethylene was able to be aminated by using PINO radical and trapping with 
diazodicarboxylate reagents (Figure 3.5). The functionalized polyolefins were successfully 
blended with poly(methyl methacrylate).86 
 
Figure 3.5 Metal-free amination of polyethylene using oxygen-centered radicals. 
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3.2 Results and Discussion 
Recently, a collaboration between the Alexanian lab and Leibfarth lab led to the 
development of a method to xanthylate a variety of polyolefin materials using an N-xanthylamide 
reagent previously reported24 to selectively functionalize small molecules.87 The reaction was 
selective for secondary C-H bonds and proceeded with virtually no chain cleavage due to a lack of 
tertiary functionalization. The versatility of the xanthate functional group was demonstrated by 
converting to the thiol and subjecting it to a multitude of reactions including epoxide opening, 
Michael addition, thiol-ene click, and crosslinking. The xanthate group is also shown to be a 
competent RAFT partner with the example of poly vinyl acetate grafting onto functionalized PEE.  
Previously, we were able to show a change in site selectivity of the xanthylation of small 
molecules favoring primary C-H functionalization by altering the identity of the amide core used.88 
We postulated that same regioselectivity change would be observed in polyolefin functionalization 
using the bis ortho-CF3 substituted N-xanthylamide. We chose to use polyethylethylene (PEE) as 
our model branched polymer because we could directly compare the regioselectivity to the 
previously reported polyolefin xanthylation using an N-xanthylamide reagent.87  The sample used 
has a number average molecular weight (Mn) of 3.6 kg/mol and dispersity (Ð) of 1.26. The PEE 
was prepared from the hydrogenation of polybutadiene, containing 90% 1,2 additions, and having 
approximately 40 ethyl chains per 100 carbons.81 
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Table 3.1 C-H xanthylation of PEE using N-xanthylamide 31.a 
 
Table 3.2 Previously reported C-H xanthylation of PEE using N-xanthylamide 34.87,a 
 
 230 
We commenced our comparison study starting with the C-H xanthylation of PEE using N-
xanthylamide 31. We varied the ratio of reagent 31 and the number of monomer repeat units to see 
how the percent functionalization and regioselectivity compared to the previous reported reaction. 
Starting with a 1:10 ratio of reagent 31 to monomer repeat unit (Table 3.1, Entry 2), PEE is 
functionalized in 5% favoring 1° functionalization over 2° functionalization (2.1:1). Comparing 
the functionalization of PEE using reagent 34 at the same stoichiometry (Table 3.2, Entry 2), the 
percent xanthylation is the consistent at 5%, however the regioselectivity favors 2° 
functionalization over 1° functionalization (1.8:1). As the amount of reagent 31 is increased 
compared to monomer repeat unit to 1:5 (Table 3.1, Entry 3) and 1:2 (Table 3.1, Entry 4), the 
percent xanthylation increases, but regioselectivity remains consistent. A similar trend is seen with 
reagent 34 (Table 3.2, Entries 3-4). 
All samples were analyzed using gel permeation chromatography (GPC) to determine the 
Mn and Ð of the functionalized polymers. A GPC chromatograph is shown in Figure 3.6. In all 
cases (Table 3.1, Entries 2-4), retention time decreases due to the addition of xanthate functionality 
compared to PEE (Table 3.1, Entry 1). Very slight increases in Ð is observed, meaning the amount 
of chain-scission the polymer undergoes is negligible. 
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Figure 3.6 GPC chromatograph of C-H xanthylation of PEE using reagent 31. 
 
Figure 3.7 DSC curves displaying Tg of xanthylated polyolefins. 
   
29 31 33 35
retention time (min)
PEE
5 mol % xanthylation
10 mol % xanthylation
21 mol % xanthylation
-63 -58 -53 -48 -43 -38 -33 -28
Temperature ( °C)
5 mol % with 34
10 mol % with 34
5 mol % with 31
10 mol % with 31
PEE
Tg= -35 °C
Tg= -34 °C
Tg= -53 °C
Tg= -55 °C
Tg= -56 °C
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We next looked to see if the regioselectivity of polyolefin xanthylation had an impact on 
the physical properties of the functionalized polymer. We chose to look at glass transition 
temperature (Tg), which is the temperature at which a material goes from a hard, brittle “glassy” 
states to a soft, viscous “rubbery” state.89 Tg was measured using differential scanning calorimetry 
(DSC), the data was measured during the second heating cycle using a 10 °C/min ramp rate. Figure 
3.2 shows an overlay of DSC curves containing two samples of xanthylated PEE using reagent 34, 
5 mol% xanthylated PEE (purple curve) and 10 mol% xanthylated PEE (green curve),  two samples 
of xanthylated PEE using reagent 31, 5 mol% xanthylated PEE (red curve) and 10 mol% 
xanthylated PEE (blue curve), and unfunctionalized PEE (orange curve).  
As previously reported, secondary xanthylation with reagent 34 showed that Tg increased 
with an increase in percent xanthylation.87 Two examples of this trend are shown in Figure 3.7, 5 
mol% xanthylation having a Tg = -35 °C and 10 mol% xanthylation having a Tg = -34 °C. Both 
have a Tg >20 °C compared to unfunctionalized PEE (Tg = -56 °C). However, PEE functionalized 
with the same amount of xanthate (5 mol% and 10 mol%), that was functionalized with reagent 
31, had Tg values similar to unfunctionalized PEE (Tg = -53 °C and Tg = -55 °C, respectively). The 
difference in Tg of the two sets of functionalized PEE is suspected to be due to the regioselectivity 
of the reaction.  Xanthylation using reagent 34 favors functionalization at 2° C-H bonds, which 
are mostly located on the polymer backbone. However, xanthylation using reagent 31 favors 
functionalization at 1° C-H bonds, increasing functionalization of the ethyl branches, and making 
backbone functionalization much less prevalent. Based on these results, we believe that back bone 
functionalization has a greater impact on Tg than side-chain functionalization. 
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3.3 Summary and Outlook 
We have developed a complementary method for polyolefin xanthylation. This method is 
as efficient as the previously reported method, but offers a change in regioselectivity, favoring 
primary side-chain functionalization over secondary backbone functionalization. Minimal chain-
scission is observed in both methods. We were able to demonstrate that the regioselectivity of a 
polyolefin functionalization has an effect on the functionalized polymer’s physical properties. This 
was seen in the Tg of xanthylated PEE. Samples with the same percent xanthylation and different 
regioselectivities yielded materials having Tg values over 20 °C apart. Currently, efforts are 
underway to determine whether the regioselectivity of functionalization effects other physical 
properties of functionalized polyolefins. Specifically, we are interested in examining if 
regioselectivity of cross-linking affects the elastic modulus of cross-linked polyolefin materials. 
3.4 Experimental Detail 
3.4.1 General Method 
 Predominantly (90%) 1,2-polybutadiene was purchased from SigmaAldrich and 
hydrogenated according to known procedure.81 Gel permeation chromatography (GPC) spectra 
were obtained using Waters 2695 separations module liquid chromatograph, Waters 2414 
refractive index detector at room temperature, and Waters 2996 photodiode array detector with 
styragel HR columns. Tetrahydrofuran was the mobile phase and the flow rate was set to 1 mL/min. 
The instrument was calibrated using polystyrene standards in the range of 580 to 892,800 Da. 
Differential scanning calorimetry (DSC) was used to determine the thermal characteristics of the 
polyolefins and graft copolymers using a TA Instruments DSC (Discovery Series). The DSC 
measurements were performed on 2 – 10 mg of polymer samples at a temperature ramp rate of 10 
°C/min unless otherwise noted. Data was taken from the second thermal scanning cycle. Proton 
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and carbon magnetic resonance spectra (1H NMR and 13C NMR) were obtained using a Bruker 
model AVANCE III 400, 500, or 600 (1H NMR at 400 MHz, 500 MHz 600 MHz and 13C NMR at 
126 MHz or 151 MHz) spectrometer with solvent resonance as internal reference (1H NMR: CDCl3 
at 7.27 ppm, 13C NMR: CDCl3 at 77.00 ppm). Xanthylamide 34 was prepared as described in 
section 2.7.2. 
3.4.2 General Procedure for Polyolefin Functionalization 
A flame dried, 1 dram vial was brought into the glove charged with the desired amount of 
polyethylethylene, dissolved in PhCF3 (0.1 mL) and added xanthylamide 31 (0.1 mmol). The 
reaction was capped with a PTFE lined screw cap, sealed with Teflon tape, taken out of the 
glovebox, placed over blue LED lights and allowed to react for 24 hours. Upon completion, the 
reaction mixture was diluted with 3 mL of DCM and analyzed by GC using dodecane as an internal 
standard. The diluted reaction mixture was then filtered over celite and concentrated down in vacuo 
and analyzed by NMR using 15.5 μL 2,5-dimethylfuran or 5.1 μL hexamethyldisiloxane as an 
internal standard. 
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Figure 3.8 1H NMR of xanthylated Poly(ethylethylene). 
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